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2 ceMecTp

1 ®usuyecKue 0CHOBBI JJICKTPOTEXHUKHU. Y PAaBHEHHS YJIEKTPOMATHUTHOI'O
MOJIS.

1.1 DjekTpOMarHuTHOE 1MOJIE

DJIEKTPOMarHUTHOE TOJIe MPEACTaBIsIET cOO00H ocoObIii Bua MaTepun. Kak
BUJ] MaTepUH OHO 00JAJaeT MAacCOH, SHEPTHEH, KOJIMYECTBOM JBIIKCHHUS, MOXKET
IPEeBpaIIaThCs B BEIIECTBO U HA00OPOT.

DJEKTPOMarHUTHOE TOJI€ MMEET JBE COCTaBISAIONINE — JJICKTPHUECKYIO U
MarHuTHYIO — U B KQXJIOW TOYKE MMPOCTPAHCTBA OMPEACISACTCS IBYMS BEKTOPHBIMA
BEJIMYUHAMMU: B

a) BEKTOPOM HaIpPsHDKEHHOCTH dJICKTpuueckoro nojist E [ B/m],

6) BEKTOPOM HAMPSDKEHHOCTH MArHUTHOTO moist H [A/m].

CremyeT MOMHHTB, UTO B IPUPOJIC CYIIECTBYET €IUHOE AIEKTPOMArHUTHOE
1oJie, a OTJEIbHBIE €r0 CTOPOHBI — BJEKTPUUECKOE MOJIE WM MarHUTHOE MOJje —
MOTYT TPOSBIISITHCS HE3aBUCUMO JIPYT OT Jpyra TOJBKO B YACTHBIX CIydasx MpH
OTIpEICIICHHBIX YCIOBHSIX.

MaremaTnueckue ypaBHEHHUs, OMHUCHIBAIOIINE (U3NYECKUE IMPOIECCHl B
NIEPEMEHHOM 3JIEKTPOMarHUTHOM TI0JI€, Ha3bIBAIOTCS YpaBHEHUAMU MakcBesia:

[ _
I’OtH:5+6‘808—l;:
— OH
rot £ = —_—
< HU Py
divB =0
kleBZO

rie B= y,uoﬁ, D= &905.

W3 npuBeeHHBIX YPAaBHEHUN CIEAYET, UTO Ka)KJas U3 CTOPOH dJIEKTpoMar-
HUTHOTO IIOJISI OJHOBPEMEHHO SIBJIIETCSI M NMPUYMHOW M CIEICTBHEM ApPYrou
CTOPOHBI, YTO TOBOPHUT O €IMHCTBE 3TUX CTOPOH.

DIEeKTPOMAarHUTHOE 10JIe, KAK HOCUTENb SHEPTHH, SBJISIETCS TOW CPENoi, o-
CPEICTBOM KOTOPOW OCYILIECTBISIETCA MEepeaadya SHEPTUH OT UCTOYHUKOB SHEPIHH
(3NEeKTpOCTaHIMI) K MPUEMHUKAM DHEPIrUU (IMPOMBILUIEHHBIM MPEIPUATUSAM,
XKWIBIM JJOMam H T.J.), IPH 3TOM B II€peJadye SHEPIHUH YYaCTBYIOT B PAaBHOW Mepe
00e ero CTOpOHHI.

1.2 Daexrpuyeckuii Tok. 1-i 3akon Kupxroga

N3 ¢u3uku M3BECTHO O CYLIECTBOBAHUU TPEX POJIOB AJIEKTPUUYECKOTO TOKA:
IPOBOJIMMOCTH, MIEPEHOCA U CMEIIICHHUS.



9J’ICKTpI/I‘-IeCKI/IM TOKOM HPOBOAUMMOCTH HAa3bIBACTCA HAIIPaBJICHHOC IBHKEC-
HUC CBO60,Z[HBIX 3apsAa0B (.4, KAKHMU SBJISAIOTCA OJICKTPOHBI B METAJlJIaX, IMOJOXH-
TCIBbHBIC U OTPHULATCIIBHBIC MOHBI B 3JICKTPOJIHUTAX:

. dq.,

Ly =~ ” —TOK MPOBOJIUMOCTH [A];

— di,, 5

Onp = T IJIOTHOCTh TOKA MPOBOJAUMOCTH [A/M'] .
Sn

Toxk MMPOBOAUMOCTH CBA3aH C INIOTHOCTBIO TOKA YPABHCHUCM:

i =j5np%

Tox MPOBOAMMOCTH BO3HHMKAET B MPOBOJAIICH cpele TMoj BO3JCHCTBUEM

AIEKTPUUYECKOTO TOJIS:
o=V E,
/i€ Y— yJeiabHas MPOBOJIUMOCTb cpejibl [CM/M] .

DIIEKTPUYECKUM TOKOM MEPEeHO0Cca HA3bIBACTCS HAMPABICHHOE ABUKEHHE 3a-
PSOKEHHBIX ~ YaCTHI] ¢y, JIBIDKYIIMXCS B CBOOOJHOM  NPOCTPAHCTBE.
MaremaTuyecku TOK I[E€pEHOCAa OINUCHIBAETCS AHAJOTMYHBIMU C  TOKOM
MPOBOAUMOCTH YPAaBHEHUSIMU:

iy = —dfl—t”; 5 v :%; i :j5nepds.
S

n
9HeKTpI/I‘{eCKI/IM TOKOM CMCIIICHUA HA3BIBACTCA SBJICHHC HaHpaBHeHHOFO

JBHUXXCHHUA CBA3AHHBIX BapHI[OB B pe?)y.]'H)TaTe HOHHpI/I3aHI/H/I I[HSHCKTPI/IKa nu
SBJIICHUC UBSMCHCHUSA BO BpeMeHI/I BHGKTPHI—ICCKOFO I10J14:

dD d(s,E+P dE dP — =
= = (0 ):g_+_:§CMO+5CMn

0 ’
dt dt dt dt

iCM = J.é‘c/u 'dS
N

g cm

L~
" P D
e CN
Fa
h—
Pucynoxk 1

Tok cMemeHusT MOXET CYIIeCTBOBAaTh B MYCTOTE (Owo). PaccMoTpum
HEKOTOPYIO 3aMKHYTYIO TOBEPXHOCTh S , BHYTPh KOTOPOH BTEKAIOT TOK
IPOBOAMMOCTH iy, U TOK TIEPEHOCA Iy, (PUCYHOK 1).

10



[Ipu yBenmuyeHun 3apsiia BHYTPH o0beMa ¢=¢c1+¢ss OYyIET yCHIMBATHCA
ANEKTPUYECKOE MOoJIe Ha moBepxHocTH S. [1o Teopeme I"aycca:

§D-ds=%q=q.+4q.,

[Ipomuddepenunpyem 06e yacTH S3TOTO ypaBHEHHS 110 TIEPEMEHHOM f:

.
cM

4653 | = 69L Gy = §5 T =i
iy @ =

dq _dq. 49, _ _, _,;
dt dt dt e
OTKYZa CIELYET BBIBOJ, UTO lcy™ - Inp — Inep MM IppTinepTicy™= 0.

CyMMa TOKOB BCEX POJIOB, NMPOTEKAIOIINX CKBO3b JIIOOYIO 3aMKHYTYIO I10-
BEPXHOCTb, paBHa HYII0. EC/IM 3aMKHYTYI0 TOBEPXHOCTH S pa3OUTh Ha OT/IEIbHbBIC
ydactku Sy, Sy, ..., S,, T0S =S1+85,+... +5,ucooTBeTcTBeHHOI= i tiy+....+i,=0 .

PaccmoTpuM y3en aleKTpuYecKou Memnu, T. €. TOUKY, B KOTOPOM CXOIATCS
HE MEHEe TpexX MNpoBOJOB (BeTBei) 3Tol uenu (pucyHok 2). OKpyx uM y3el
3aMKHYTOM MOBEPXHOCTHIO S . TOKHU, MpoTeKarouMe o NpoBOJHUKAM (i , Ir , i3),
HA3BIBAIOTCSI TOKaMU  MPOBOAMMOCTH. Yepe3 CBOOOJHYIO  TOBEPXHOCTH

IUBNIEKTPUKA OYIET IPOTEKATh TOK CMEIECHHUS Lo, = J5 en *dS. Ha npOMBIIIIEHHO#

s
gactore 50 'l TOK CMEUIeHUus HECOM3MEPHMO MEHBIIE TOKA MNPOBOAUMOCTH
(icy<<in, ) 1 B MH)KEHEPHBIX pacyeTax MM MOXHO IpeHeOpeub. Takum oOpaszom,
MOJKHO CUUTaTh, YTO ajredpanyeckas CyMMa TOKOB IIPOBOJUMOCTU B Yy3iI€
IIEKTPUYECKON LIETIH PaBHA HYJIIO:
Zi=i1—i2—i3=0.

VYKa3aHHOE OJIOKEHUE B JIEKTPOTEXHUKE MOIYUYHIIO Ha3BaHUE 1-ro 3aKoHa

Kupxroda.

Pucynok 2

1.3 DuekTpuyeckoe HanpskeHue. 2-0ii 3akoH Kupxroga

ITycth B anekTpuueckoM nojie E 3apsij g nepeMenaeTcs u3 TOUKu “a’” B
TOYKY “b” IO HEKOTOPOU MPOU3BOJIBHOM TpaekTopuu (pucyHok 3). PaGoTa cui no

MIEPEMEIICHUIO 3aps/ia g U3 TOYKH “a” B TOUKY “b”:

11



Pucynok 3

DNEeKTPUYECKUM HANPSOKCHUEM Ha3bIBaeTCsl (pu3nyeckasi BEIMYMHA, PaBHAS
OTHOILIEHUIO pa0OThI MO MEPEMENICHUIO 3apsi/ia U3 OJIHOM TOUYKH (a) B Ipyryto (b) K
BEJIMYMHE 3TOT0 3apsja:

b_ J—
Uab=§:£E-dl_

N3 3akoHa COXpaHEHUs! PHEPTUU CIEAYET, UTO MPU NMEPEMEIICHUH 3apsiaa
10 MPOU3BOJIBHOMY 3aMKHYTOMY KOHTYpY, IIpOU3BeJeHHas pabora Oyner paBHa
HYJIIO T.€.

A:qﬁ@:o.
I

N3 3TOro ypaBHEHUS BHITEKAIOT JIBA BAXKHBIX CIEACTBUS.
l-e cneacTBUE: cymMMa MaJieHUN HANPSKEHUN Ha OTIENbHBIX YYacTKax 3aMK-
HYTOI'0 KOHTYpa paBHA HYJIIO:

§E-d@=[Edi+[Ed+. +[Edi=U,+U, +.+U, =0
[ a b k

2-0€ CleICTBHE: HANPSIKEHUE MEXIY ABYMs ITPOU3BOJIbHBIMA TOUYKAMU HE
3aBUCHT OT ITyTH UHTETPUPOBAHUSA:

5

b a
$E-di=[E-dl+|E-dl=U,+U, =0
l a b
OTKyJa cienyet, uto U,,=—U,,.

HeszaBucuMoCTh HampspKeHUsT MEXAY JBYMsI TOYKaMH OT BbIOOpa IMyTH
WHTETPUPOBAHUS TO3BOJIIET XapaKTEPHU30BaTh JJICKTPUYECKOE TOJIe HEKOTOPOM
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MaTeMaTthdeckon (QyHkmuen ¢@(x,y, z), Ha3bIBa@MOW MOTEHIIMAIOM, Pa3HOCTH
3HAYEHUM KOTOPOM B paccMaTpUBAEMbIX TOYKAX YHUCICHHO paBHA HAIPSKEHUIO
MEXK]ly HUMH:

b
o, -p,=U, ='[E-dl.

Ecnu mojiokeHue M IOTEHIMANI TOYKH ~a’’ 3aJaHbl, a TOUKa ~b” sIBIsSETCS

TOKy1IEel — ’b”(x,),z), TO IOJIYYUM:
rnz o Xz
0, =(x,y,2)=— jE-dlwa =— jE-d1+C.
a a

Takum oOpa3oMm, B3HaUY€HHE TOTCHIMANA (B MPOU3BOJIHHOM TOUKE
”b”(x,y,z)3aBUCUT OT BBIOOpAa 3HAYEHUS TOTEHIIMANa OIOPHOM TOYKU@, B
ANEKTPOTEXHUKE TMPHUHATO TMPUJABATH HYJIEBOE 3HAYEHHE IOTEHLMajda TOYKe,
CBSI3aHHOM C 3E€MJIEH.

PaccMOTpUM 3aMKHYTBIA KOHTYP HEKOTOPOM AJIEKTPUUYECKOW LIEH (PUCYHOK
4), Ipu 3TOM ITyTh UHTETPUPOBAHUST BHIOEPEM BIIOJIb BETBEH KOHTYpA.

1 & R n 2
& — = ll\j &
Y bl
R.q R‘?
I- A- m -
="
4 N 3
Pucynok 4

Jlns 1-iiBeTBH:
Unw=o1—p, =L Ry =>@i=@, 1Ry,
Un=0r—=E\= =@, tEy,
Ui=p1—p=@, LR —,—E\= LR\ — E).
[To ananorum myist Ipyrux BETBEU:
Uy=@r,—p35= LR, ,
Uss=@3—ps=—13R; +Ej,
Uyn=ps—p1=—I4Ry .
CyMMa Bcex HanpsKeHHU 10 3aMKHYTOMY KOHTYPY:
2U=U,,+Uy3+Uss+Uy =0,
OTKYJla CJIEAYET, UTO
LRy + LRy — Ry — LRy = Ey — E3,
WIH
2IR=>F — 2-oii 3axon Kupxroda.
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®opmynupoBka 2-ro  3akoHa Kwupxroda: B 3aMKHYTOM KOHTYpe

AIEKTPUYECKON 1IENH WIM CXEMBbI alreOpandeckas cymMma faJieHui HanpsKeHUiHa

IACCHBHBIX 3JIeMEHTax KoHTypa (2IR) paBHa airedpamnueckoit cymme DJC (FE).

OTnenpHbIE cllaraéMble B 3TH CYMMBI BXOJAT CO 3HAKOM 17, €CJIM UX JIEUCTBUE
»

COBMAJACT C HampaBiIeHHWEM 00X0Ja KOHTypa, M CO 3HAKOM ~—’, ecliu He
COBIA/IaeT.

1.4 ®usnyeckue Npouecchl B JIEKTPUIECKON Ienmu

DJIEKTPUUECKOMN 1IENbIO HA3bIBAETCA COBOKYITHOCTh TEXHUUYECKUX YCTPOUCTB,
00pa3yromux MyTH I 3aMbIKaHHS JJEKTPUUCCKUX TOKOB W MpeAHa3HAYECHHBIX
JUTSl TIPOU3BOJICTBA, TEPeNadd, pacrpeneiieHus W TOTPEONCHUS DICKTPUIECKOU
sHepruu. JIrobas sneKkTpudecKkas Ienb IpeanoiaraeT Haludue B CBOCH CTPYKType
KaKk MHUHUMYM TPEX 3JIEMEHTOB, 4 MMEHHO: MCTOYHUKOB SHEPTrHM, NPUEMHHKOB
SHEPIrMH W COCIUHSIONIMX KX MPOBOJOB WM JIMHUM 3yekTporepenaun. Kak
W3BECTHO, HOCHUTENIEM DJSHEPIHM SBIBSIETCA ASJICKTPOMArHUTHOE TIOJIE, KOTOPOE
COCPEOTOYEHO KaK BHYTPM TaK M BHE MpoBOJIOB. Takum  oOpasoMm, s
paccMoTpeHusi (U3WYECKUX SIBICHUM B AJICKTPUUYECKOM IIeMU BO BCEW IMOJHOTE
HEO0OXO0JIMMO TPOBOJUTH PacyeT U HMCCIEAOBAHUE JICKTPOMArHUTHOTO TMOJIS 3a-
naHHoW 1uenu. Ilpw  ¢Gu3MYecKOM penieHMd ATOM  3aJadd  MOJIb3YHOTCS
nuddepeHnaNbHBIMM  TIOHATUSAMH W MapaMeTpamMu, XapaKTepU3yOUIUMHU
AJICKTPOMArHUTHOE TOJIe B pacCMaTpuBaeMoOil TOouyke, TakumMu kKak FE, H, 0,

B, D, u, v, & MaremaTtnueckoe OIUCAHUE JIEKTPOMArHUTHBIX MOJIEM HA OCHOBE
nuddepeHnanbHbBIX TOHATUM OKa3bIBACTCS CI0KHOM 3a7a4eil.

DJIeKTpUYECKas LeNb COCTOUT, KaK MPaBWJIO, U3 OTIEJIbHBIX OJHOPOJHBIX
y4acTKOB. B »TOM cnydae mpenocTaBisieTcsi BO3MOXHOCTh C JOCTATOYHOM ISt
VH)XCHEPHBIX PAaCcU€TOB  TOYHOCTBKO OIMCHIBATH IPOLECCHI  HA OTHAEIBHBIX
Y4acCTKax C IMOMOIIBK UHTErPAIbHBIX TOHATHH:

b —_— —_—
€ = JE emop * dl — anekTpoaBmwkymas cuwia (3/]C) ncrounnka sHepruu;

a

ey >
&y |

Uy, = | E-dl = spexrpuueckoe manpsokenmue;
a
i=)0-ds~ DIIEKTPUYECKUH TOK;
N

q= ID +dS ~ 5yexrpreckuit 3apa;

S
D= J-B ~dS ~ varmuab IIOTOK;

N

R= Vs ~ BJIEKTPUYECKOE COIPOTHUBIICHHUE.
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IIpruMeHeHne MHTErpaNbHBIX IMOHATHM K pacdeTam 3JIEKTPUYECKHUX LENeu
IIO3BOJISIET IOJIY4YaTb CPAaBHUTENIBHO IIPOCTBIE PELICHUs 331ad C JOIyCTHUMOMU
METOAMYECKON MTOTPEUIHOCTHIO.

B kaxmou peambHOM DIEKTPUYECKOM IENU MOMXKHO OJHOBPEMEHHO
Ha0JII01aTh clleAyomue (U3NIECKUe IPOLECCHI:

1) npouecc reHepUpOBaHUS INEKTPUUECKON IHEPTUU, KOTOPBIA MPOUCXOINUT
B MCTOYHMKAaX (T€HepaTropax) B pe3yjbTaTe NpeoOpa3oBaHMs OJHOIO U3 BHUIOB
SHEPIruM (MEXaHUYECKOU, XUMHUUECKOU U JIp.) B AJIEKTPUUECKYIO;

2)mpouiecc MpeoOpa3oBaHUs JIIEKTPUUYECKOW SHEPrUU B JAPYTUE BUIBI,
KOTOPBIM IPOTEKAET B IPUEMHHKAX SHEPIHH;

3)mporiecc HaKOIUIEHHWsA (MM BO3BpaTa) 3HEPTHMU B 00BEME MArHUTHOTO
1OJIA:

1
Wy = _[Eﬂﬂon -dv;

4)mporiecc HaKOTUICHHSI (MJIM BO3BpaTa) SHEPTUH B 00BEME DIIEKTPHIECKOTO
MOJIS:

1
w, :IE,LWOEZ -dv.

[Tepeunciiennpie GU3NIECKHE MTPOIIECCHl B TOM WM JIPYTOM COUYETAHUU MPU-
CyIIM BCEM JJIEMEHTAM JJIEKTPUYECKOW UEMH, MPOTEKAIT OJHOBPEMEHHO H
CBSI3aHBI MEXITy COOOM 3aKOHOM COXPaHEHUS YHEPTHUU.

IIpu pacuere pexrma IEKTPUYECKON LIENU OHA MPEICTABISIETC HEKOTOPOU
YCJIOBHOM CXEMOW WM CXEMOM 3aMEIIEHHUs, COCTOAIIeM U3 KOMOMHAIUU
UJICATbHBIX CXEMHBIX JJIEMEHTOB. KaxIpli uWIeaNbHbIA CXEMHBIM 3JIEMEHT
oTOOpakaeT Ha cXeMe OJMH U3 (PU3NYECKUX NpoueccoB. TakuX CXEMHBIX
AJIEMEHTOB BCETO 3.

1) Uneanbusiii ucrounuk HanpsbkeHus (3J1C) E—STo cXeMHBIH 3JIEMEHT,
KOTOPBIM TE€HEPUPYET Ha CBOMX BBIBOJAX IMOCTOSIHHYIO 10 BenuuuHe IJIC
(E=const), He 3aBUCAIIYIO OT TOKAa, IMEET CUMBOJILHOE 0003HAUYCHHE, TTIOKA3aHHOE
Ha PUCYHKE 5a, XapakTepusyercs HanpsbkeHueM [Bl.

2) neanbHbIN WCTOYHUK TOKa J-3T10 CXEMHBIN DJIEMEHT,
KOTOpPBIMTE€HEpUPYET B LIEMH  IOCTOSIHHBIA MO BEIMYUHE TOK (J=const), He
3aBUCAILIMN OT HANpPSDHKEHUS Ha €ro 3aXHMaX, UMeeT CMMBOJIbHOE 00O3HAYEHUE,
MOKa3aHHOE Ha PUCYHKE 50, XapaKTepusyercs TOKOM [A].

3) neanbHblil pe3ucTop R— 3TO CXEMHBINA 3JIEMEHT, B KOTOPOM ITPOUCXOIHT
TOJIBKO TIPOIIECC TPEoOpa30BaHUS IEKTPUUECKONW YHEPTUU B IPYTUE BUJIBI, UMEET
CUMBOJIbHOE OOO3HauYeHWEe, IIOKAa3aHHOE Ha PHUCYHKE 5B, XapaKTepU3yeTcs
conpotuBieHueM [Om].

4) WneanbHast KaTyllKa WHAYKTUBHOCTH L— 3TO CXEMHBIA 3JIEMEHT, B
KOTOPOM MPOUCXOJUT TOJIBKO MPOILIECC HAKOIJICHMS (WM BO3BpaTa) SHEPrUU B
maruutHOM Tonte (W, =Li*/2), UMeeT CHMBOIBbHOE OOO3HAYCHHE, MOKA3aHHOE HA
PUCYHKE 5T, XapaKTepU3yeTcsl UHAYKTUBHOCTBIO [['H].
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5) WpeanbHas konaeHcatop C — 3TO CXEMHBIA JJIEMEHT, B KOTOPOM
OPOMCXOTUT TOJNBKO TMPOLECC HAKOIUIEHUWs (WM BO3Bpara) SHEPIUU B
anexTpuueckoM none (Wy=Cu’/2), HMeeT CUMBOJIbHOE 0003HAYEHHE, MOKA3aHHOE
Ha pUCYHKE 5], XapaKTepu3yeTcst eMKOCTbhIo [D].

E 5] ad L -
=
L
a) 6) B) r) a)
Pucynok 5
Kaxaplii 21€MEHT AJIEKTpUYECKOU HeNM Ha CXeMe 3aMELICHMs

IPEJICTABISIETCSl OJTHUM MM KOMOMHAIMEW U3 HECKOJbKHUX HICAJIbHBIX CXEMHBIX
3JIEMEHTOB B 3aBUCUMOCTU OT HEOOXOAMMOCTH ydeTa TeX (PU3NYECKUX IPOLECCOB,
KOTOpBIE B HEM IpoTekaroT. Hampumep, jgamna HakanuBaHMs HPEACTABISIETCA Ha
CXEM€ TOJIBKO OJJHUM CXEMHBIM JIEMEHTOM pE3UCTOPOM R, Tak Kak TEIUIOBas U
CBETOBasl JHEPIUs MHOTOKpPAaTHO OOJIbLLIE 3HEPIUU HIIEKTPOMATHUTHOIO MOJIS
(pucyHOK 6a), OOMOTKa SJEKTPOMArHUTHOTO peJie MPEACTABISIETCS Ha CXeMe
KOMOHMHaIMeW U3 AByX 3JeMeHTOB — R u L (pucyHok 60), a MmpOTsHKEHHas
JBYXIIPOBOAHAS JIMHUS — KOMOMHAIMEH U3 6-U CXEMHBIX 3JIEMEHTOB, KOTOpBIE
KOMIUIEKCHO YUUTHIBAIOT (PU3NYECKHUE MPOIIECCHI B HEW (PUCYHOK OB).
R

a) @ — —

E F L
£ L
J e R — ——
L i — . - - - ] B I

PucyHnok 6

[Ipu cocTaBineHUM CXEMbl 3aMEIICHHs] DIIEKTPUUECKOW IIeNmu BCerja
npeHeOperaoT BTOPOCTENEHHBIMU (U3UUECKUMU MpOIeCCaMU U SIBICHUSIMHU, HE
OKa3bIBAIOIIUMHU CYIIECTBEHHOTO BIIMSHMUS HA TOYHOCTh TEXHUYECKOTO pacuera
pexuma. Iloatomy mrobas cxema 3aMeEUIEHUSI pEATbHOW Lenu OTOoOpa)xaeT
bu3nyecKue Npouecchl B HEM ¢ HEKOTOPOU CTENEHbIO TPUOINKEHUS.
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OHeprusi OT HCTOYHUKA TMEPEHOCUTCS MPUEMHHUKY 3JIEKTPOMArHUTHBIM
MOJIEM CO CKOPOCTBIO pacHpoCTpaHEHUsi BOJHBL. i1 BO3IYIIHBIX JIMHUNA
AJIEKTpoNepeayl dTa CKOPOCTh Oyim3ka K ckopocTu cBera ¢=300000 xm/c, mis

o C
KaOeNbHBIX  JMHUM OHA 4YyTh  MEHBIIE (v:—]. Takum  oOpazom,

NE

AJICKTPOMAarHuTHas BOJIHA 3a ¢AMHMIYY BpeMeHH (1 cek) MHOTOKpaTHO MpoOeraer
yTh OT UCTOYHHUKA YHEPTUU J0 MIPUECMHHUKA.

CorylacHO 3aKOHY COXpaHEHUS DHEPTUU B JIFOOOW AJICKTPUYECCKOW MMM 3a
JH000M TPOMEXKYTOK BpeMEHH 1 JIOJDKCH BBITIONHATBCA — OallaHC MKy
reHepUpyeMol U oTpedisieMoit sneprueit: 2 W, =2 W,,. Konuaectso snepruy, 3a
enuHUIly BpeMeHH (1cek), Ha3bIBacTCS MOIIMHOCTBIO, CIICIOBATECIBHO, B JIHOOOH
Iend  CYIIEeCTBYeT  OajaHC MEXAY  MOIIMHOCTHIO  HWCTOYHHKOB W
MPUEMHHUKOB: 2Py, =2 Py

B moboii sHeprocucTteMe, COCTOSIICH W3 JJIEKTPOCTAHIUN, JTUHUN
3JIEKTpOIIepeaud U MOTPEOUTENCH 3JIEKTPOIHEPTUU B JTHOOOH MOMEHT BPEMCHHU
CYIIECTBYET JIMHAMHYECKOE pPaBHOBECHE MEXKIy CYMMapHBIMH MOITHOCTSIMHA
UCTOYHUKOB ¥ TPHUEMHHKOB  JJICKTPUYCCKOW DHEPTHH, MPH ITOM HCTOYHUKHU
SHEPTHHM  JOJDKHBI TIOCTOSITHHO TPHCIIOCA0IUBATHCS K MU3MEHSIOMIMMCS 3alpocaM
noTpeOuTeas. DJIGKTPOCTAHIIMM B JHEPrOCHCTEME paboTtaroT 0e3
MIPOMEKYTOYHOTO CKJIajla TOTOBOM MPOTYKIIHH!

2 3aKkoHBI JIeKTpUUYeCKHX 1emneil. TeopeMbl 1 MeTObI pacyeTa CJI0KHBIX
Pe3MCTUBHBIX Liemne

2.1 OcHOBHBIE Onpeae/IeHUs

VY3510M 3neKTpuYecKod 1enu (CXeMbl) Ha3bIBAETCS TOYKA, B KOTOPOM
CXOJIITCA HE MEHEE TPEX BETBEH.

BeTBblo 351eKTpUUecKO 1enu (CXeMbl) Ha3bIBAETCS YYaCTOK, COCTOSAIIUN U3
MOCJIEIOBATEIbHO BKJIFOUEHHBIX 3JIEMEHTOB, PACIHOJOXKEHHBIX MEXAY JBYyMs
CMEXHBIMH Y3JIaMH.

CnoxHOM Ha3bIBAaETCS AJIEKTPUUECKas 1eb (CXeMa), coJiepxaiias He MEHee
JBYX y3JI0B, HE MEHEE TpeX BETBEH M HE MEHEE JIByX MHCTOYHHUKOB JHEPIUU B
pa3HBIX BETBSAX.

B cnoxHoit anekTpuyueckoi 1enu HaOMoAal0TCsl OAHOBPEMEHHO B TOM MU
MHOW Mepe pa3HOpOJHbIE (PU3MUECKHE MTPOLIECChI, 3 UMEHHO, POIECC TeHEPUPOBa-
HUS AJIEKTPUYECKON SHEPTUH, MPOLECC MPeoOpa3oBaHus INEKTPUUECKON SHEPIUU
B Jpyrue BUABI W Tpouecc oOMeHa »HHEeprueil MeXIy MarHUTHBIM TIOJIEM,
AIIEKTPUYECKUM TOJEM M MCTOYHMKAMU 3Hepruu. B obmiem cinydae ang oroOpa-
KEHUS ITUX (PU3NYECKUX MPOLIECCOB CXeMa 3aMElIeHUs 1IENU J0HKHA COIEpKaTh
KpOME HCTOYHHUKOB 3Hepruu (E, J) Bce pa3HOPOIHBIE CXEMHbIE 3JIeMeHTH (R, L,
(). Marematnuecku (U3MYECKUE MPOLECCHl B TAaKOW CXEME MOXKHO OMNHUCaTh
cucteMoil nuddepeHIuanbHbIX YPAaBHEHHM, COCTABIEHHBIX ISl CXEMbI 3aMEILIEHUS
no 3akoHaM Kupxroda.
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B crannonapHoM pexxnmMe (B peKMMe MOCTOSHHOI'O TOKa) HalpsDKEHUE Ha
di
KaTylIKe paBHO HYJO (U, = LE =0), 9T0 COOTBETCTBYET KOPOTKOMY 3aMBIKAHHIO

9TOro 3JICMCHTA, a IpPHU MOCTOAHHOM HAIPAKCHUU TOK B KOHICHCATOPC pPaBCH

: du
aymo (i =C ZZO),LITO COOTBETCTBYET pa3pbiBy BETBH C 3THUM 3JICMEHTOM.

CrnenoBarebHO, HA YCTAHOBUBILIHICS pEXKUM TMOCTOSHHOTO TOKA CXEMHbIC
aneMeHTsl L 1 C HE OKa3bIBAIOT BIUSHUS M MOTYT OBITh MCKIIFOUYECHBI M3 CXEMBbI
3amenieHus (yuacTku ¢ L 3akopoudeHsl, a BeTBU ¢ C ynaneHnsl). [lenu mocTossHHOTro
TOKa NPEACTABIISIOTCA SKBUBAJCHTHBIMU CXEMaMH, COJCPKAIIUMHU TOJIBKO II0-
CTOSIHHBIE UCTOYHUKU SHEPTUU E, J U pE3UCTUBHBIE dJIEMEHTH R. Takue cxemsbl
MOJYyYWIM HAa3BaHUE PE3UCTUBHBIX WM TOCTOSIHHOIO TOKA. Y CTaHOBUBIIUMKCS
PEXHUM MOCTOSIHHOTO WJIM IEPEMEHHOTO TOKA B TAKMX CXEMaX OMMUCHIBAETCS CUCTE-
MOM JIMHEWHBIX aJre0OpandeckuxX YpaBHEHHH, COCTABJICHHBIX I10 3aKOHaM
Kupxroda.

B Hacrosieit rimaBe OyayT paccMaTpUBaThCS TOJIBKO PE3UCTUBHBIC LIETH B
peXKHUME MOCTOSTHHOTO TOKa. B mocnenyromem pacCMOTPEHHbIE B JAaHHOW TJIaBE
TEOPEMBI U METO/IbI pacueTa OyyT pacopOCTPaHEHBbI HA 1IENU IEPEMEHHOTO TOKA B
YCTaHOBUBIIEMCS] CHHYCOUIAIIBHOM PEKHUME.

2.2MeTtoa npeo0pa3oBaHus (CBEPTKH) CXEMbI
Ecnm cxema »1meKTpUYECKOW 1€ COAEPKUT TOJNBKO OJUH HCTOYHUK

sHepruu (E wnu J), TO mMaccUBHAs 4acTh CXEMbl MOXET ObITh IpeoOpa3oBaHa
(cBepHYyTa) K OJHOMY SKBUBAJICHTHOMY 3JIEMEHTY R( pUCYHOK 7).

_— _—

I I

O ORI

Pucynok 7

CBepTKa CXCMbl HAUMHACTCA C CaMbIX YHAJICHHBIX OT HMCTOYHHKA BeTBefI,
MMPOBOJUTCA B HCCKOJIBKO 3TAIlOB 10 JOCTHXKCHHA MOJIHOM CBCPTKHMU. ITocne nonHOM

E

CBEPTKH CXEMBI OIIPEAEIIAETCS TOK HCTOYHHUKA O 3aKoHy Oma: I'=— Toxu B oc-

R

€l
TaJbHBIX JJEMEHTaX MCXOJHOW CXEMbl HaxXOAATCSs B TMpolecce oOpaTHOM
pa3BepTku cxembl. Takoil Meroa pacuera TOKOB MOJYYHJI HAa3BaHHE METOJa
MOCJICTIOBATEIHLHOTO TPEe0Opa3oBaHusl (CBEPTKH) CXEMBI.
[Ipy npuUMEHEHMHM JAaHHOIO METOJa BO3MOXKHBI CJEAYIOIIUE BUIBI
npeoOpa3oBaHui.

18



1)ITocsienoBaresibHOe  mpeoOpa3oBaHMe  3aKJIOYaeTCS B 3aMEHE
HECKOJIBKUX AJIEMEHTOB, BKIFOUCHHBIX MOCIIEI0BATEIFHO, OJTHUM DKBHBAJICHTHBIM
(pucyHok 8). HecinokHO nOKa3aTh, 4TO MPU 3TOM CIPABEUIMBHI CIIEAYIONINE
COOTHOIIICHUS:

R=R+R+.+R u U,:U,:..;U =R R :...:R

n

I R R> R. i,
= 3+ +— {1 =

U, U, U, = o

Pucynok 8

2)ITapaniiesibHOe mpeo0pa3oBaHHEe COCTOMT B 3aMEHE HECKOJBKHX
3JIEMEHTOB, BKJIIOUEHHBIX [APAJUIEIbHO, OAHUM HKBHBAJIECHTHBIM (PUCYHOK 9).
HecnoxHo n0Ka3aTh, YTO IPU ITOM CHPABEITIUBBI CIEAYIOLINE COOTHOIIECHUS:
1 1 1 1 1 1 1
+—4+t— u L] =——
R R R, R

R, R R R, n
JI1s IByX 3JIEMEHTOB: 9 R +R, u 1,:1,=R, R,
I l ] lfz l In I

of w[lw[] =[] = | & [l

Pucynox 9

3)B3aumHoe nmpeoOpa3oBaHHe cXeM 3Be31a—TPeyroJbHUK (pucyHok 10)
BO3ZHHKAET TIPH CBEPTKE CIIOKHBIX CXEM.

VYcaoBHEM JKBHBAJICHTHOCTH JBYX CXEM SBJISIOTCS PaBEHCTBA JUJISI HUX
TOKOB ([, I, 15), Hanpsixenuit (U,,, U,s, Uz;) 1 BXOAHBIX conpoTuBiaeHui (Ry,, Ry3,
R31) ¥ COOTBETCTBEHHO BXOJHBIX MpoBoguMoctet ( Gy, Gas, Gi)).

[TpupaBHsieM BXOIHBIC COMPOTHUBJICHUS I 00CHX CXEM CO CTOPOHBI JIBYX
IPOU3BOJIBHBIX BETBEH MPHU OTKIIFOYCHHOM TpeTel (prucyHok 10):

_ R12 'R31+R12 'R23

R.,,=R +R
6x1-2 1 TG R,+ R, +R, (2.2.1)
R,,-R,+R,,-R
Ryps =Ry +Ry=———=—= 222
R, + Ry + Ry ( )
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R31 'R12+R31 ’R23

Ry =Ry +R = (2.2.3)
RIZ + R23 + R31
1 |vh f b
1
| <
RIE' =i
_fzh 2y 3 *I_E I Ry {i
_'_|: L * * '
2 0 3 2 3
Pucynox 10

CnoxuM mnousieHHO ypaBHeHUs (2.2.1) u (2.2.3) U BBIYTEM U3 CYMMBI
ypaBHeHueE (2.2.2), NoayyuMm:

— R12R31 0 AHAJIO R. = R23R12 R. = R31R23
- , 10 aH Irum: ‘2 — 5 3 .
R12 + R23 + R31 Rlz + R23 + R31 RIZ +R23 +R31
[IpupaBHsieM BXOJHBIE MPOBOAUMOCTH IJiI OOEUX CXEM CO CTOPOHBI

IIPOU3BOJIBHOWM BEPUIMHBI M JBYX JPYTHX BEPIIMH, 3aMKHYTBIX HaKOpPOTKO
(pucyHok11):

1

GG, +G.G
G, ,h,="2"331-G, +G 224
6x1-23 G,1 N G2 + G3 12 31 ( )
GG, +G,G,
6x2-31 Gl n G2 + G3 23 12 (225)
GG +G,G
_ T3+1 23 :G31+G23 (226)

G+ G+ G,

Cnoxum nouineHHO ypaBHeHus (2.2.4) m (2.2.5) U BBIYTEM YpaBHEHHE
(2.2.6), nonyuum:
__ GG, G- G,G, G = G,G,
BTG G+, OO TN T e G 4G, Y G 4G, 4G,
B nocneaHux ypaBHEHUSX 3aMEHHMM IPOBOAMMOCTH Ha COOTBETCTBYIOIINE

1
UM COIIPOTUBJICHUA R= 6 , IOJIYyUHUM:

R,R R.R
RR . Ry=R,+R+222. R =R +R+2>L

3 1 2

R, =R +R, +

20



Rg Rg R23
1
L L
2 0 3 2 3
Pucynok 11

[Ipy HaNMMUUKM TOJHOW CUMMETPUM COOTHOIIEHHE MEXIy MapamerpaMu
SKBHUBAJICHTHBIX CXeM cocTaBisieT: R, = 3R, .

4) 3aMeHa napaJjuieJibHbIX BeTBeil JKBUBAJIEHTHOI BeTBbIO (pUCYHOK12)
OCYUIECTBJISIETCSL COTJIACHO TEOpEME 00 IKBUBAJICHTHOM I'€HEPATOPE.
a | a f

R A A

Pucynox 12

Hanpsxkenune xonocroro xona U,,,p=FE» omnpenensercsa no MeToay ABYX
Y3JIOB:
U E,=—1 2
2 L 1

xxab

1
R R, R,

3KBI/IBEUI€HTHO€ BXOJHOC COIIPOTUBJICHUC HAXOJUTCA MCTOAOM CBCPTKHU
CXCMHBI.

5) Hepenoc ucrounuka I/AC uepe3 y3ea cxembl: ncrounuk J/JC E
MOJKHO MEPEHECTH Yepe3 y3eJ BO BCe BETBU, OTXOAIINE OT y37a (pucyHok13a, 6.):
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C
U
O D

a) 6)

Pucynok 13

6) IIpuBsi3ka HMCTOYHMKA TOKAa K IIPOMU3BOJBLHOMY Y3JIy COTJIACHO
cxeme(pucyHok14a, 6):

. [ 1 s - [ ] u/—\‘. -
TN -
NS, > (D [
a) 6)
Pucynok 14

7) B3aumHoe mnpeoOpa3oBaHHe CXeM C HCTOYHUKOM HAIPSKEHUS H
CHUCTOYHHUKOM TOKa COIVIACHO cxeme(pucyHok15a, 6). CxeMbl 3KBUBAJICHTHBI NpU
paBeHCTBe 151 00eux HanpsibkeHud U v TOKOB / Ha Harpys3Ke:

1 J 1
U=E-IR)=I,R,=(J-1)—=———.

G, G, G

0 0 0

CpaBHuBasi JIeBbl€ W NpaBble YAaCTH PABEHCTBA, MOJYYUM COOTHOILCHHS
MEXIy IMapaMeTpaMu SKBUBAJIEHTHBIX CXEM:

GO GO RO RO
I
— . i I . .
R
° Ul R e C)J Gy Ul | IR
" h - “h
a) 6}
Pucynok 15
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2.3 Meron 3akoHoB Kupxroga

Teopetudeckas 6a3za meroja: 1-it u 2-it 3akonsl Kupxroda.
1-ii 3akoH Kupxroda: anrebpanueckas cymma TOKOB BETBEU B y3J1€ CXEMbl

paBHa HYJIIO (Zl =0).
2-ii 3akoH Kupxroga: anareOpanueckas cymMMa NaJ€HUN HamNpsyKEHUN B
IPOM3BOJIBLHOM KOHTYpPE CXEMBbI paBHa airedpanyeckoit cymme 3J1C (ZIR = ZE
[Tyctb TpeOyeTcsi BBIMOJIHUTD pacdeT pekUMa B 3aJaHHON CIOXKHOU CXeme
(pucyHok 16) w omnpenenuTb TOKM B BETBSX, HANPSDKEHUS HAa OTIEIBHBIX

AJIEMEHTaX, MOIIHOCTH MCTOYHUKOB M TIPUEMHHKOB DPHEPTUU. 3a/laHa cxeMa Ienu
U TIapaMeTphl €€ OTAEIbHBIX AeMeHTOB (K, E), Ji, J1, J2, Ri, Ry, R3, R4, R5).

h R 0 R I
- |
L1

=\ Lo S
El C) e S - a Kq ?5 C)

R‘% Eq .'lq
1 ) 2
N
YR

Pucynok 16

AHanmu3upyeMm CTPYKTypy cxembl: cxema conaepxkuT n=3 (0, 1, 2) y3710B u
m=5 BETBEN C HEONPEACICHHBIMU TOKaMH. B BETBSIX ¢ UCTOYHHKAMU TOKa J TOKHU
ompeeneHbl ucTouHnkamu. OO0IIee YUCIo ypaBHEHUN TOJKHO OBITh PABHO YUCITY
ONpeeIISIEMbIX TOKOB “m”.

[TocnenoBaTenbHOCTH (AATOPUTM) pacyeTa.

1) 3agarorcst (MPOU3BOIBHO) TMOJOXKUTEIBHBIMU HAIPABICHUSIMU TOKOB B
BETBSIX cXeMbl ([, 1, Iz, 14, I5).

2) Cocrapnsgercss (n—1) ypaBHEHUH JUIsl Y3JI0B 1O MEPBOMY 3aKOHY
Kupxroda. YpaBHeHue misi mMoOCIeaHETO #-TO y3Jia SBISETCS 3aBUCHMBIM (OHO
MOJKET OBITh MOJTYYEHO MyTEM CIOXKEHUS MEepBbIX (n—1) ypaBHEHHIT).

3) Henocratouue m—(n—1) ypaBHEHUH COCTaBISIOTCS MO 2-My 3aKOHY
Kupxroda. IIpaBuno BbriOOpa KOHTYpPOB JUIsl COCTABIICHUS YPaBHEHHM: KaXKIbIi
MOCJICTYIOITUN KOHTYP JIOJDKEH BKIIFOYATh B ce€0s1 XOTs OBl OJTHY HOBYIO BETBb, HE
OXBAYEHHYIO MPEAbIAYIIUMHU ypaBHEHUSIMU. YHUCIIO HE3aBUCUMBIX KOHTYPOB JJIsi
CXEMBI JIFOOO0H CII0KHOCTH HE MOXKET OBITh OoJibIe uncia m—(n—1).
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Hwuxe nmpusenena cuctema ypaBHenuit Kupxroda mist cxembl pucyHok 16,
COCTOAIIAs U3 m=5 ypaBHEHUH, U3 KOTOPBIX n—1=2 cocTaBiieHbI Ji4 Y3/10B 1 u 2
no 1-my 3akony Kupxroda n m—(n—1)=3 cocrasnens! qst kKoHTYpoB K, K;, K; mo
2-my 3akony Kupxroda:

§
-1, -L+1,-J —-J,=0—y3en 1,

L +L+1,+J,=0-y3en2,

{ IR +I,R, = E,—xouryp K,,

LR, + IR, = E, — xoutyp K;,

LR, +1,R,— IR, = E,— xoutyp K.

\

4) Cucrema ypaBHCHHMI MPHUBOJIUTCS K MaTPUYHOU (POpME, COCTABISIFOTCS
MaTpuibl KO3()PHUITUEHTOB:

-1 0 -1 1 0] T4 )]
0 -1 1 0 1 ),
[R]l=| & 0O 0 R 0| [EJ]=| E
0 R 0 0 R E,

0 0 R R, -R| | E, |

5) Cucrema ypaBHeHul pemaercs Ha 9BM 10 cTranmapTHON nporpamMmme Jist
pelieHus  JIMHEWHBIX ~ alreOpanyeckuxX  ypaBHEHUH C  BEIIECTBEHHBIMU
Koa(dpuimeHTamu, B pe3ysabTaTe Yero OnpenessitoTcsl HeU3BECTHhIE TOKU [, 1, I,
1, Is. OrtpunarenbHble pe3yJbTaThl, IOJIYy4YaeMbl€ [JII HEKOTOPBIX TOKOB,
O03HAYyaroT, 4YTO HUX JACHCTBUTEIbHBIE ((PU3MUYECKHE) HampaBiIeHUsS HE COOT-
BETCTBYIOT HANPABJICHUSIM, IPUHATHIM B HadaJie pacyeTa.

6) OrnpenensitoTcss HAOpsHKEHUS HA  OTJETBHBIX 3JEMEHTaX CXeMbl (

U,=1,R,), momnoctu wucrounukos DJC (P, =E,l,),acTounnkoB TOKa (

P, =UJ,) u npuemunko (P, =I;R,). TIpp 5TOM MOIIHOCTH IPHEMHHUKOB
SHEPrUH BCErla MOJIOKHUTEIbHbI, @ MOUTHOCTH MCTOYHUKOB SHEPTUU MOTYT OBITH !
OTPULIATENBHBIMH, €CIIM COMHOXUTENU B mpousBeaeHusx £, 1, wu U,J, He
COBIIAJIAIOT 110 HAIIPABJICHHUIO.

2.4 MeTox KOHTYPHBIX TOKOB

Teopernueckas 6a3a MeToJa KOHTYPHBIX TOKOB — 2-0if 3akoH Kupxroda B
COUETaHUM C TPUHIMIOM HajoxeHus. [lpeamonararoT, YTO B KakIOM
AJIIEMEHTApPHOM KOHTYype-sueiKe CXEeMbl IPOTEKAeT «CBOW» KOHTYPHBIM TOK [, a
JNENUCTBUTENbHBIE TOKA BETBEH MOJIYyHAIOTCSl MO MPUHIIUITY HATOXKEHUS KOHTYPHBIX
TOKOB Kak HUX anreOpamdyeckue CyMMmbl. B KaduecTBE HEHU3BECTHBIX BEJIUYMH,
NOJJIeKAIINX OIpPEACIICHUIO, B JaHHOM METOJI€ BBICTYNAIOT KOHTYpPHBIE TOKHU.
OO0111ee yncI0 HEU3BECTHRIX COCTaBisIeT m—(n—1).
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[Tyctb TpeOyeTcsi BHINOTHUTH pacyeT pexuMa B 3a/laHHOM CIIOKHOM cXeme
pucyHok 17. ITapameTpsl OTAETBHBIX 3JIEMEHTOB CXEMBbI 3aJaHBI.

[TocnenoBarenbHOCTH (AJTOPUTM) pacyeTa.

1) 3aparorcst (MpOU3BOJIBLHO) MOJOKUTEIbHBIMU HAITPABICHUSIMHU KOHTYPHBIX
TOKOB B KOHTYypax-siuerkax cxembl(ly, 1o, I3 ). KOHTYpBI-IUeKU clieyeT BbIOU-
paTh Tak, 4TOObl OHU HE BKJIIOYAIM B ce0s BETBU C MCTOYHMKAMH TOKa. BeTBu C
MCTOYHUKAMU TOKa J 00pa3yroT CBOM KOHTYPHI € 3aaHHBIMU TOKaMH (J1, Jp).

2) CocraBmustorcs m—(n—1) ypaBHeHuii o 2-my 3akony Kupxroda ans Bbl-
OpaHHBIX KOHTYPOB—SIY€EK C KOHTYPHbIMU ToKaMu I, [, ;. B ypaBHeHUsX
YUUTHIBAIOTCS MaJCHUS HAMPSXKEHUM KaK OT COOCTBEHHOTO KOHTYPHOTO TOKa, TaK
Y OT CMEXHBIX KOHTYPHBIX TOKOB.

N R 0 R, I
— o :IL
L

. =y 44/ -"5\ L s
E1C “

Pucynoxk 17

Hwxe npuBenena cucrema KOHTYPHBIX YPABHEHHUN I CXEMBI PUCYHKa 17:
Ly (R +R) = I13R, = J\R, = E,
Ly (Ry+ Ry + Rs) — I Ry — I3 Rs = —E,
Ii(Ry + R)—[,Ry = —E,

B 000061eHH0 popme crucTeMa KOHTYPHBIX YPAaBHEHUN UMEET BUJ:

(IR, +1 Ry + 1 Ry+...+ R, =E,

IklRZI + Ik2R22 + ]k3R23 +...F IknRZn = E22

1k1R31 + 1k2R32 + ]k3R33 ...t ]knR3n = E33

A

nn

]kanl +I,,R,+I R . +...+1 R =E
\

31ech BBEJCHBI CIEAYIONIHE 0003HAYCHUS:
Ri1= Ry *Ry; Ry = R; +R4y +Rs u T. 1. — COOCTBEHHBIE COMPOTUBIICHUS
KOHTYPOB, PABHBIE CYMME CONPOTHUBJIEHUMN BCEX AJIEMEHTOB KOHTYPA;
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Ry =Ry1=—-R4; Ry3 = R3;=—Rs U T. 1. — B3aIMHBIE CONPOTUBIICHUS MEXKITY
JIBYMSI CMEXHBIMU KOHTYPaMH, OHU IOJIOKUTEJIBHBI — €CJIM KOHTYPHBIE TOKU B
BETBU COBNAAAIOT, U OTPULIATEIIbHBI — €CIIM KOHTYPHBIE TOKH B BETBU HAITPABJICHBI
BCTPEYHO, M BCET/Aa OTPULATEIIBHBI — €CJIM BCE KOHTYPHBIE TOKH OPHUEHTHUPOBAHBI
OJIMHAKOBO (HarpuMep, N0 YACOBOW CTPEJIKE), paBHbI HYJIIO — €CJIM KOHTYPhI HE
UMEIOT 001l BeTBH, Hanpumep, Rz = R3; =0 ;

Ell = E1 + J1R4, E22 = —Ez, E33 = —E3 +J2R3 U T. O. — KOHTYPHBIC 3I[C,
paBHbIE aredpanyeckor cymme ciaraeMbix E,, = XE + XJR 0T BceX UCTOYHUKOB
KOHTYpA.

Cucrema KOHTYPHBIX YpaBHEHUI B MaTpUuHOU popme:

Rll RIZ R13”'R1n ]kl Ell
R21 R22 R23 . 'R2n Ik2 E22

Ry Ry Ry Ry, (¥ L3 |=| B3 |y cokpamenso [R, |x[I, |=[E,],

..................

R, R,R;...R,

riue [Rk ]— MAaTpHIA KOHTYPHBIX CONPOTUBIEHNH, [/, |~ MaTpuIa KOHTYpHBIX

L] LE

n

nn

TOKOB, [E, |- Matpuma kouTypabIx DIC.

3) Cucrema KOHTYpPHBIX ypaBHEHHU pemiaercs Ha OBM 1o ctangapTHOM
porpamMme JJIs PEIICHHS CUCTEM JIMHEWHBIX allreOpandecKnX ypaBHEHUH C
BelecTBeHHbIMU K03 durimentamu (SUT), B pe3ysibTaTe 4ero onpeaesssroTcs
HEU3BECTHBIC KOHTYPHBIE TOKU I, [, I;3.

4) BriOuparoTcs MojaoKuTeIbHbIE HAPABICHUS TOKOB B BETBSIX UCXOAHOU
cxemsl (puc. 1) (11, b, 5, 14, I5). Toku BeTBel onpeAesitOTCs 0 NMPUHITUITY
HAJIOXKEHUS KaK ajare0Opanvyeckue CyMMbl KOHTYPHBIX TOKOB, POTEKAIOIINX B
JTaHHOU BETBHU.

L=1a; h=-1Ls; L=—lo—Jy; 14=1La— It Ji; Is=Lo—s.

5) IIpu HEOOXOTUMOCTH OTIPEIEISAIOTCS HAMPSDHKEHUS HA OTICIBHBIX dJIEMEHTaX
(U= IkR;), MOIIHOCTU UCTOYHUKOB dHEpruu (Pg, = Eily, Py = Uy J;) 1 MOIIHOCTH
IPUEMHUKOB dHepruu (P, = I>-R).

2.5 MeTo/ y3/10BbIX IOTEHIIHAJIOB

Teopetnueckas 6a3a MeToAa Y3JIOBBIX TMOTEHIMANIOB — 1-bIif 3aKOH
Kupxroda B couetTannu ¢ noTeHIHaIbHBIMU ypPAaBHEHUSIMU BeTBeW. B 3ToM MeTozie
NOTEHIMAJI OJHOIO M3 Y3JI0B CXEMbI IPUHUMAKOT PABHBIM HYJIIO, a IOTCHIUAIbI
OCTaJIbHBIX (n—1) y370B CUMTAIOT HEU3BECTHBIMH, IOJUIEKALIUMU ONPEIECIICHUIO.
OO011ee YnCI0 HEU3BECTHRIX COCTABISET (1—1).

PaccMmoTpum 000011I€HHYIO0 BETBb HEKOTOPOH CIIOXKHOM CXEMBbI (PUCYHOK
18).
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Pucynox 18

CBsbxeM MOTEHIMANIbI KOHIIOB BETBHU (Y3JI0B) MEXy CO00i yepe3 majeHus
HaIpPsHKEHUI Ha OTAENIbHBIX YYaCTKAX:
o -, R +E =9, vmu ¢, -E +IR =9,

VYpaBHEHUE, CBA3BIBAIOIIECE IOTCHIMAIBI KOHEUYHBIX TOYEK BETBH 4eEpe3
NaJICHUS] HANPSDKEHUM HA €€ OTACNIBHBIX ydacTKaX, Ha3bIBACTCS NMOTCHIMAIbHBIM
ypaBHEHUEM BeTBU.JI3 MOTEHUMAnbHOrO ypaBHEHUS BETBH MOTYT OBITh
ONpeIeeHbl TOK BETBH U HAIIPSKEHUE HA PE3UCTOPE:

] P tE
kT >
Rk

[Tyctb TpeOyeTcsi BHINOTHUTH pacyeT pexuMa B 3a/laHHOM CIIOKHOM cXxeme
pucyHok 19. ITapaMeTpsl OTAENBHBIX 3JIEMEHTOB CXEMbI 3a/1aHBbI.

[IpuauMaem noteHuman y3iaa 0 paBHbIM HYJIO (¢ = 0), a MOTEHIMAIbI y3J10B
1 u2 (¢ n @) O0ynemM cuuTaTh HEU3BECTHBIMHU, IOJIJIEKALTMMU ONPEIEICHHUIO.

3ajganuMcsl OJI0KUTEIbHBIMU HAIPABJIEHUSMHA TOKOB B BETBSIX CXEMBI /1, [,
L5, 1, Is. CocTaBUM NOTEHLHMAJIBHBIE YPABHEHUSI BETBEH M BBIPA3UM U3 HUX TOKH
BETBEU:

Uk :IkRk =Q, — 0, +Ek'

Li=(p— @ + Ey)/ R
12 :(Q)z— (00 +E2 )/ R2
L=(p1— @ + E3)/ R;
Li=(po— @1 )/ Ry

I=(po—p> )/ Rs
Il Rl 0 R2 I2
P R 1~
L1 L

() k . D

R £ [
1

£

N
b N
N

Pucynoxk 19
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CoctaBum (n—1) ypaBuenue no 1-my 3axony Kupxroda nis y3nos 1 u 2:
—]1 —]3 +]4—J1 —Jz =0
—[2 +[3 +[5 +J2:0
[loncraBum B ypaBHeHust 1-ro 3akoHa Kupxropa 3HaueHHs TOKOB,
BBIDAKCHHBIE paHee W3 NOTCHUUAIBHBIX YypaBHeHHH. Ilocne mnpuBeneHus
KO3 (UIIUEHTOB MOJIyYUM CUCTEMY y3JIOBBIX YPaBHEHHUI:

r
111 1 E E
—t—t— |-, — ==L -2, -,
(D{R R, Rj %R R

1 1 1 1 E, E;
-0, —+Q,| —+—+—|=—+—+J,
R3 RZ R3 RS Rz R3

\ o o
B 060011eHH0# opMe cucTteMa y310BbIX YPAaBHEHHM UMEET BUI:

A

p
011G~ G o~ 3G 13—~ G1n=J 1
—§01G21 + ¢2G22_¢2G23_---_¢HG2n: I

—P G310, G T 3Gy~ — 0, G3=33

—§01 Gnl_gl)ZGnZ_% Gn3_---+ gonGnn = Jnn

\

31ech BBEACHBI CIEAYIONINE 0003HAUCHHUS:

G =1/R; +1/R;+1/R4;Gp, =1/R, +1/R3+1/Rs u T.1. — COOCTBEHHBIE MPOBO-
JUMOCTH Y3J0B, PABHbIE CyMMaM IPOBOAUMOCTEN BCEX BETBEU, CXOMSIIUXCS B
JAHHOM Y3JI€, BCET/1a MOJI0KUTEIIbHBI,

G, = Gy= 1/R3;G,,, = Gy— B3aMMHBIE TTPOBOJIMMOCTH MEXKTY CMEXKHBIMHU
y3namu (1 u 2, m u n), paBHblE CyMM€ NPOBOAUMOCTEN BETBEH, COEUHSIIOIIUX 3TH
y31Ibl, BCErJa OTPULIATENbHBI;

Ji=—-E| /Ry — E5/Ry—Jy; Jiy =E, /Ry — E5/Ry+ Jy 1 T. 1. — Y3JIOBbIE TOKA
y3JI0B, paBHbIC aJireOpanveckoi cymme ciiaraembix E/R 1 J OT BceX BETBEH, CXOs-
UXcsl B y3je (3HaK ~+”, eclu MCTOYHHMK JEHCTBYET K y3Ily, M 3HaK “— , €Cliu
HUCTOYHUK JICCTBYET OT Y3JIa).

Cucrema y370BBIX YpaBHEHUI B MAaTpUIHON (hopMme:

G, G, G;...G, iz Ji
Gy Gy Gy...G,, ?, I
Gy Gy Gy..Gy, (X 0y |=| T3

...........................

G, G,..G. | |o | |J

G, [xle, |=1v, .

rac leJ— MaTpula y3JIOBBIX ITPOBOJUMOCTCH, l(DyJ— MaTpuia y3JIOBBIX IIOTCHIIHUA-

HJIM COKpAIICHHO

JIOB, lJ y J— MaTpHIla Y3JIOBBIX TOKOB.
[TocnenoBaTenbHOCTD (ATOPUTM) pacyeTa.
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1) IlpuaMarOT NOTEHIMA OJHOTO U3 Y3JIOB CXEMbl PABHBIM HYJIIO, & IOTEH-
[IAAJIbI OCTAJIBHBIX (1—1) y3J1a CYUTAIOT HEU3BECTHBIMHU, TOJICIKAIIUMH OTIpeeIie-
HHIO.

2) PykoBomcTBysick 00001eHHON (PopMoOii, cocTaBistOT (n-1) ypaBHEHHE
TSl y3J10B C HEU3BECTHBIMU MOTEHI[MATIAMHU.

3) Omnpenenstorcs K03(PPHUIIMEHTHI y3JI0BbIX YPaBHEHUH U COCTABIISAIOTCS MX
MaTpHIIbI.

4) Cucrtema y3JI0BbIX yYpaBHEHU pemraercss Ha OBM no cranaapTHo#l npo-
rpaMMe IS pPEIIeHUs] CHUCTEeM JIMHEHHBIX ajreOpandyeckux ypaBHEHHH C
BCIIECTBEHHBIMU KO3 (PUITMEHTaMH, B  pe3yjbTaTe uYero OMNpeaesTroTCs
HEU3BECTHBIC MMOTCHIINANBI Y3JI0B @y, ¢, ...

5) BeiOuparoTcsi MonoKUTEIbHBIC HATIPABICHHUS TOKOB B BETBSX HCXOIHOU
cxemsl [y, I, , I3, I, Is. TOKM BETBEW ONPENETAIOTCS U3 TOTEHIIMAIBHBIX YPaBHEHUM
BETBEH Yepe3 MOTECHIHANIBI Y3TI0B @y, ¢, ....

6) Ilpu HEOOXOIUMOCTH ONPEACNSAIOTCS HANPsHKEHUS Ha OTACIBHBIX
anemenTax (U= I[;R;), MOIIIHOCTH UCTOYHUKOB 3Hepruu (Pg, = Eily, Py = U, Jy) n
IPUEMHUKOB dHepruu (P = I>-R)).

2.6 MeTtoa aBYX y3JI0B

MeTon 1nByX y370B SBISETCS YACTHBIM CIIy4aeM METOJa Y3JIOBBIX
MOTEHIIMAJIOB TIPH 4YHcle y37I0B B cxeme n = 2. Ilycth Tpebyercs BBIMOIHUTH
pacuer pexxuMa B 3a7jaHHOM cxeMme (pucyHok 20).

1

th Lo 2

S
SR

0
Pucynox 20

-—

[Ipunumaem ¢, = 0, Torga ypaBHeHHE I y37a |1 MO METOMY Y3JI0BBIX
MOTEHIAIOB OyaeT umeTh BuI: @Gy = Ji|, OTKyJa ClenyeT HEMmOCPEICTBEHHOE
OTPEICIICHUE HATIPSKEHUSI MEXKIY Y3JIaMH CXEMBbI:

DRIV

U = = = —
10 =¢ G, Z %e YpaBHEHHUE METO/1a IBYX Y3JIOB.

[IpumeHuTenbHO K cxeme pucyHky 20 1aHHOe ypaBHEHUE NPUMET
KOHKpETHYIO (hopmy:
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J, J+E//R+E,/R,
G, UVR+1/R,+1/R,~

TOKM B BETBSIX CXEMBI OIIPCACIIAIOTCA U3 ITOTCHUUAJIbHBIX ypaBHGHHﬁZ

E1_U1o. ] :E2_U10. ] :ﬁ_
Rl ’ ’ Rz ’ ’ R3

UlO =¢ =

I, =

2.7 llpununn HaJ0keHUusl. MeTox HAJI0KEeHUs

[lpunuun (Teopema) HaJOKEHUS TIJACUT, YTO TOK B JIIOOOH BETBU
(HampspKeHHe Ha JI00OM DJIEMEHTE) CIIOXKHOM CXEMbl, COoJiepiKallleid HECKOJbKO
HMCTOYHHUKOB, PaBEH alreOpanyeckod CyMME YaCTHUYHBIX TOKOB (HaIpsKEHUM),
BO3HMKAIOIIMX B 3TOM BETBH (HAa 3TOM 3JIEMEHTE) OT HE3aBUCHUMOIO JEHCTBUSA
KQXJI0r0 MCTOYHHMKA B OTHAEIBHOCTU. JIJIsl yNpOLIEHUs 10KA3aTeIbCTBA TEOPEMBI
BBIOEpPEM OJIHY M3 HAPYKHBIX BETBEH CIIOKHOM CXEMBI 332 HOMEpPOM 1, B KOTOPOM
JIEUCTBUTEIBHBIA TOK PaBEH KOHTYpHOMY: /1 = ;1. COCTaBUM JIJI CJIOKHOM CXEMBbI
CHUCTEMY KOHTYPHBIX YPaBHEHHUI [Rk]x [I . ] = [E k] Y PELIUM €€ OTHOCUTEIIBHO TOKA

I, = I;; meronom onpenenureneit (Kpamepa):

ﬁ=EH@+EHE+...+E,mﬁ:El(ﬁﬁ.JHE’Z(ﬁﬁ.J+...+El(ﬁ+..J:
A A A A A A A
=EG+EG,+..+EG, =1+ ,+..+1,.

3neck G, — BXOJHAs TPOBOAUMOCTh BeTBU 1, Gy, Gis, ..., G,— B3aWMHBIE
MPOBOJIUMOCTH MEXAY 1-U U OCTaJbHBIMU BETBSIMM, 111 = £,G || — YaCTUYHBIN TOK B
BetBU | or ucrounuka OC E,, I, = E,Gy,, . L1 = E G, — 4aCTUYHBIE TOKHU B
BeTBH 1 oT uctounukoB DJIC E,,..., E,.

[TpuHIIUTT HATOXKEHUS BBITIOIHSIETCS TOJIBKO IS TeX (U3UUECKUX BEIINYUH,
KOTOPBIE OMHCHIBAIOTCS JIMHEHHBIMU aJTeOpanvdecKuMU ypaBHEHUSIMU, HATIPUMED,
JUISl TOKOB U HANPSKEHUW B TMHEUHBIX LensaX. [[puHIMN Hal0KeHUsT HE BBITIOJIHS-
€TCs ISl MOIITHOCTH, KOTOPAsi ¢ TOKOM CBSI3aHA HEJIMHEMHBIM YPABHEHHEM P=FR.

[TpuHIMN HAOXEHMS JISKUT B OCHOBE METOJIa pacyeTa CJIOKHBIX IEIEH,
MOJTYYMBIIETO Ha3BaHUE METOJIa HAIOXKEHUA. CylIIHOCTh 3TOTO METOJA COCTOUT B
TOM, YTO B CJIO)KHOM CXeM€ C HECKOJHKHMMHM HMCTOYHHMKAMH ITOCJIEJOBATEIIHHO
PACCUUTHIBAIOTCSA YaCTHUYHbBIE TOKU OT Ka)J0T0 UCTOYHUKA B OTJIEIbHOCTU. Pacuer
YAaCTUYHBIX TOKOB BBHITIOJIHSIOT, KaK MPABUIIO, METOJIOM MPEOOpPa30BaHUS CXEMBI.
JlelicTBUTENFHBIE TOKH ONPENETSIOTCS IyTeM alreOpanmdecKoro  CIOKCHHUS
YACTUYHBIX TOKOB C YU€TOM UX HaIpPaBJICHUI.

IIpumep. 3anana cxema nenu (pUCyHOK 21) U mapaMeTpsl €€ 3JEMEHTOB: E)
=12 B; E,=9 B; Rj= R, =R; =2 Owm. TpeOyeTcs onpeaenuTbh TOKH B BETBIX CXEMbI
METOJOM HaJ0KEHUS.

11 :Ikl =
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Pucynok 21

Ha pucynke22a npejicraBieHa cxema ey JJIsl ONPeaeICHUsT YaCTUYHBIX
TOKOB OT uctouHuka DJ{C E, a Ha pucyHke226 — ot uctounuka /1C E,.

[CPO R TR 3

A I
& (D D

al 6)
Pucynok 22
YacTuuHbIE TOKHU B cXeMe pucyHka22a ot E;:
R, - R, 2+2
R R + — 2+—:3OM, [11:E1/R11:12/3:4A; 121:]31:2A.
R, +R, 2
YacTuuHbIE TOKU B CXeMe pUCYHKa220 oT E;:
R ‘R, 242
R —R +— —2+—:3OM; 122:E2/R22:9/3:3A; [12:]32:
R +R, 2

1,5A.
I[eﬁCTBHTeﬂbHBIC TOKH KaK aHFe6paI/IIIeCKI/IC CYMMBbI HaCTUYHBIX TOKOB!
[1 [11—]12—4—1,5:2,5A
]2: —121+122 =-2+3=1A
]3: ]31+ 132 =2+ 1,5 :3,5 A

2.8 Teopema 0 B3aUMHOCTH
Boienum U3 ciioHOM CXEMBbI IB€ MPOU3BOJIbHBIE BETBU “m” U “n”, B OJTHOU
u3 KOTOpbiX BkitoueH ucroyHuk OJIC E (B BeTtBH m). TeopemMa 0 B3aUMHOCTH
riacur, 4to eciau uctounuk DJ[C E, BKIIIOUCHHBIN B BETBHU “‘m’°, BBI3LIBACT B BETBU
“n” YaCTUYHBIN TOK I TO Takou e uctouyHuk DJIC E, BKIIFOUEHHBI B BETBb “n”
BBI3OBET B BETBU ‘7’ TaKOM e YaCTUYHBIN TOK / (pucyHok 23) .
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Pucynox 23

I[OKaBaTeJ'H)CTBO TCOPEMbI O B3aMMHOCTH BBITCKACT M3 IIPHUHOUIIA
HaJoXeHus. YaCTUUHbBIC TOKU PaBHBI:

I=E-G,,— nus cxemsl pucynok23a, [ = E-G,, — mis cxembl pucyHOK230.

Tak kak B3auMHBIE MPOBOAMMOCTH B JUHEWHOU 1enu paBHsbl (G,,= G,,), TO
COOTBETCTBEHHO PAaBHbI TOKU B 00EUX CXEeMax.

2.9 Teopema 0 KOMIIEHCAIIMU

@opMyJIMPOBKA TeOpeMbl: JTIO00W MACCUBHBIN JIEMEHT SJIEKTPUICCKOM
CXEMbl MOKHO 3aMEHUTh a) UealbHbIM UCTOUYHUKOM Hamnpsikenus ¢ D/(C, paBHoi
HaMpsHKEHUIo Ha 3ToM anieMeHTe (E=U) u HanpaBlIeHHOW HaBCTpeuy TOKY, 0) uzie-
albHBIM HCTOYHUKOM TOKa J, paBHbIM TOKYy B 3TOM »3jeMeHte (J=I) wu
HaIIPaBJICHHBIM COTJIACHO TOKY 1.

I R. I I

R il — —_—

A U] |Re A U C)Ex A C)EK

b b \\__/)Er* d b

a) 6) B)
Pucynoxk 24

Brigennm nacCuBHBIN 3J1EMEHT R;C TOKOM [; 1 HanpsikeHuem Uy U3 cXeMbl
nenu (pucyHok24a). [Jlns  gokaszaTenbcTBa M. a) TEOPEMbl  BKJIIOUYUM
MOCJEAOBATEILHO C BJEMEHTOM R; HaBCTpedy Jpyr Jpyry JBa HIACaTbHBIX
uctounuka DJC E, =E; =U, (pucyHok240). Takoe BKIIOYCHHE HCTOYHHUKOB

QI[C HE BBLI3OBCT H3MCHCHHUS PEKHUMA CIIO)KHOM CXCMBI, TaK KaK HX HeﬁCTBﬂe
B3aMMHO KOMIICHCHUPYIOTCH. CocraBum INOTCHUOUAJIIBHOC YpPAaBHCHHUC MCKAY

(1P

ToukaMu “‘a”’ u “d” :
(Da _IkRk +El,c :(Dd, OTKYI[EI CHeHYeT (oa _(od = Uad = O ’ 500051 (Da = (Dd q)azgpd .

(P4

Touku “a” u “d”, Kak TOYKH pPaBHOrO NMOTEHIMAJIA, MOXHO 3aKOPOTUTh U
3aKOPOYEHHBIN y4acCTOK “a— d”’ U3 CXeMbl YOAIUTh 0€3 HapylleHus ee pexuma. B
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pe3yibpTare yAajieHus: 3aKOPOUYCHHOr0 y4yacTKa CXeMa IMOJydaeT BUJ PUCYHOK24B,
B KOTOpOW ITACCHUBHBIM JJIEMEHT R; 3aMEHEH HuJealbHbIM HCTOYHUKOM IJIC
E =U,.

e @ a C b a_
flels | & bR |~ | O
b b d— b
a) 6) B)
Pucynok 25

Jlns moka3aTenbCcTBa M. 0) TEOpEeMbl BKIIOYUM MapaliebHO C DJIEMEHTOM
R; nBa macanpHBIX UCTOYHHMKA TOKa J, =J, =, , HanpaBJICHHbIC HABCTPEUY APYT
Ipyry (pUCyHOK 250).
Takoe BKIIFOYEHHE HCTOYHUKOB TOKa J,, J; He BBI30BET H3MEHEHHS PEKUMA
CJIOKHOM CXEMBbI, TaK KaK X JeHCTBHs B3auMHO KoMIieHcupytorcs. C apyroii cto-
POHBI, TOK B BeTBU “a—c” paseH nymo (I =1, —J;, =0) u 51y BeTBb MOXHO

OTKJIIOUUTH 0€3 HapyIICHUS peKuMa OCTaTLHON 4acTh cXeMbl. B pesyibTare
OTKJIFOUEHHMS CXEMa TMOJIy4aeT BUJl PUCYHOK 25B, B KOTOPOU TACCUBHBIN 3JIEMEHT
R 3aMeHeH uaealbHbIM UCTOYHUKOM TOKa J, =1} .

2.10 TeopeMa 0 JIMHEHHBIX OTHOLIEHUSIX

DopMyJTHPOBKA TEOPEMbI: €CIIM B IIPOU3BOJIBHON K-OWM BETBU CIIOKHOU
cxeMbl u3Mensiercs DJIC ucrounuwka E; WM CONPOTUBIECHHUE pe3ucTopa R;, TO
napameTpbl pexuma B ABYX Apyrux BeTBsx (Hanpumep, l u2, 1u L, Uyn U,, Ujn
L, I} m U, ) U3MEHSIOTCS TaK, 4YTO MEXJAYy HHMHU COXpAHSETCA JIMHEHas
sapucumocts (1, =a+bl,ut.1.).

ITycte m3mensiercs OJIC E,. B cOOTBETCTBHM C NPHUHLMIIOM HAJIOXKEHHS
TOK KaXXJOM BETBM PAaBEH CyMME YaCTUYHBIX TOKOB OT Ka)XJIOr0 MCTOYHHMKA B
OTZIEJIBHOCTH:

I, =EG,+EG,+..+EG, =4 +EG,

l,=EG, +E,G,+..+EG, =4, +E,G,,

HckmounM U3 ypaBHEHHN IEPEMEHHYIO BEIMYMHY £ IIyTEM NOACTAaHOBKHU:

1,-A4 G G
[, =4+2—"2G,, =4, —-4,—*)+—~1,=a+bl, uro TpeGoBaIOCh
2k 2k 2k

JO0Ka3aThb.
Ecan B cxeme u3MeEHsETCSA COIIPOTHUBJICHUC p€31/ICT0paRk =var, To IJd
A0Ka3aTciIbCTBa TCOPEMBI O JINHEHMHBIX OTHOIICHUSIX HGpCMCHHBIfI PE3UCTOP
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Rk =var cjaeayer 3aMCHUTbL B COOTBCTCTBHU C TGOpeMOI\/'I O KOMIICHCAIluH

nepemennoit JIC E, =1, R, =var u noBTopuTh 10Ka3aTeIbCTBO.

2.11 TeopeMa 00 3KBMBAJIECHTHOM IeHepaTope

@®opMyJIMPOBKA TeOpPeMbI: 10 OTHOLICHUIO K BBIBOJAM BbIICICHHON
BETBU WJIM OTIEIBHOIO 3JIEMEHTA OCTAJIBHYI0 YacTh CIOXHOW CXEMbl MOKHO
3aMEHUTh a)’KBHBAJIECHTHBIM TIeHepaTopoM HampsbkeHus ¢ OJC E, , paBHOU
HAIpPSHKEHUIO XOJIOCTOTO XOJia Ha BBIBOJAX BBIJCICHHOW BETBU WM JJIEMEHTA
(E,=Uy) ¥ C BHYTPCHHUM CONPOTUBJICHUEM R), PpPaBHbBIM BXOJHOMY
COMNPOTHUBIIEHUIO CXEMbl CO CTOPOHBI BBIJIEJICHHOM BETBM WU DJIEMEHTA
(Ry=Rpx);0)3KBUBAJICHTHBIM TE€HEPATOPOM TOKa C J5, PaBHBIM TOKY KOPOTKOIO
3aMbIKaHUSl Ha BBIBOJAX BbIJCJICHHONM BeTBM WM snemeHta (J,=[s), U ¢
BHYTpPEHHEN MNpOBOAUMOCTbIO (), PaBHOW BXOJHOW MPOBOJUMOCTH CXEMBI CO
CTOPOHBI BBIJICJICHHON BETBU WM AieMeHTa (Go=Gyy).

JUis nokazaTenbCTBa II. @) TEOPEMBbI YJAIMM M3 CXEMbl pHCyHKa 26a
BBIJICJICHHYIO BETBb U MEXKAY TOUKAMH €€ MOAKIIOUCHUS U3MEPUM (PacCUUTaeM)
HanpspKeHue Xoa0cToro xoaa Uy, = @,—@y(pUcyHOK 260).

I a a Q Ry I

— R

bk

A U A U A Uy

h b b
a) 0) B)
a R ""i'.'i a R, I"'=0

|::|R3x Uk C) Ey A - CDE 2

r) a)
Pucynok 26

BxirounM mocienoBaTeNbHO C BBIIEJICHHONW BETBBIO JBa HAIPAaBJICHHBIE
BcTpeuHo uctounnka IJ[C, paBHbIe HANPSKEHUIO X0J0ocToro xona (£, =E,=U )
(pucyHok 26B). Takoe BKIIOYEHHE JOMOJHUTENBHBIX HMCTOYHUKOB OJIC He
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U3MEHUT PEXKHUM CJIO0XKHOM CXeMbl, TaK KakK MX JCHCTBHE B3aWMHO
KOMIIEHCUPYETCH.
OnpenenvM TOK B BBIJEICHHOW BETBH MO MPUHIUITY HAJOXKEHMS, Kak

!
anreOpanvecKyro CyMMy U3 JIByX YaCTHUHBIX TOKOB: a)TOKa I, Bosnukaromero ot

Hesapucumoro aeiicteus DJIC E, (pucyHok 26r); 6) Toka /", BO3HMKAIOIETO OT

comectroro neiicteus IJIC E,u Bcex MCTOYHMKOB CIIOXKHOM CXEMBI (pucyHoK
267).
YacTu4uHbIN TOK B CXEME pUCYHKa 26T 110 3akoHy OMma paBeH:
]' — E] — Uxx
R+R, R+R,
r1e Ry— BXOJHOE COMPOTUBIIEHUE CXEMBI CO CTOPOHBI BBIJICIIEHHOM BETBH.

YacTtuuHblil TOK B cxeMe pucyHka 261 paBeH Hymto [0, Tak kak E,=U,y
00ecIeunBaeT yCIOBHSI PEKUMA XOJIOCTOTO X0/1a BETBH.
Pe3ynpTHpyromuii TOK B BBIICJIEHHOW BETBU PaBEH:
E] — Uxx
R, +R, R +R,
[TonyyeHHOMY YpaBHEHUIO COOTBETCTBYET OSKBHUBAJIEHTHAs  CXEMBI
3aMELICHUs pUCYHKa 27a, T/Ie OCTalbHas 4YaCTh CXEMbl 3aMEHEHA DKBUBAJICHTHBIM

I =I'+1"=1=

reHepaTopoM HampspkeHust ¢ mapametpamu  E,.=Uyuw, Ry=R,,, 4910 ¥H

Tp€6OBaJIOCB JOKa3aTh.
I

. I

a) 6)
Pucynok 27

I'eneparop HanpsokeHus: (E, Rj) MOXKET ObITh 3aMEHEH 3KBUBAJIEHTHBIM

reHepatopoMm Toka (J5, Gy) (puc. 270) ucxoAss U3 YCIOBUSI SKBUBAJICHTHOCTU:
E, 1

I :R_; G, = I

0 0

[TapameTpbl SKBUBAJICHTHOTO I'€HEpaTopa TOKa MOTYT OBITh OIpPECICHBI
(paccunTaHbl WM U3MEPEHbI) HE3aBUCUMBIM MyTeM, KaK J,=l.p , Go=Gyxap, TIE
L i;up— TOK KOPOTKOTO 3aMBIKAHUS B BBIJCJICHHOW BETBHU.

Meron pacdera TOKa B BBIJACICHHON BETBHU CIIO)KHOM CXEMbI, OCHOBAHHBIN
Ha TMPUMEHEHUH TEOopeMbl 00 AIKBUBAJIEHTHOM T€HEpaTope, MOJy4Yusl Ha3BaHUE
METOJIa SKBUBAJICHTHOTO I'eHepaTopa HaNpspKeHUs (TOKA) WIIM METOa XOJIOCTOTO
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X0/la M KOPOTKOro 3aMmblKaHus (X.X. W K.3.). IlocnenoBarenbHOCTh (QJITOPUTM)
pacyeTa BBITJISAUT TaK.

1) Ynanstor U3 ClI0KHOM CXEMbl BBIJICICHHYIO BETBb, BBIOIHSIIOT pPACUET
OCTAaBIIEICS YaCTH CIOKHOM CXEMbI JIFOOBIM METOJIOM U OMPENETAI0T HANPSXKEHHUE

xonocroro xoma U, ., =@, — @, MeKIy TOYKAMH IOAKIIOYCHHS BBIIEICHHOM

BETBH.

2)Y1anstoT U3 CIOKHOM CXEMbl BBIJICICHHYIO BETBb, 3aKOPAuMBalOT B
CXeME TOYKH TMOJKIIOUYEHHUS BBIJICJICHHOW BETBH, BBIMOJHSIIOT PacyeT OCTaBIIEHCS
YacTH CJIO)KHOM CXEMbl JIOOBIM METOJIOM U OMNPEACNSIIOT TOK KOPOTKOTO
3aMbIKaHUS [, B 3aKOPOYECHHOM YYaCTKE MEXKIYy TOYKAMU MOAKITIOYCHUS
BBIJICJIEHHON BETBH.

3)YnansioT u3 cXeMbl BBIJCIICHHYIO BETBb, B OCTABIIEHCS YaCTH CXEMBI
yAasitoT Bce HUCTOYHUKM (uctounuku JJ[C E 3akopauuMBarOT, a BETBH C
WCTOYHHUKAMU TOKa J YHAISIOT U3 CXEMBbI), METOJIOM MPe0oOpa30BaHUS BBHITTOTHSIOT
CBEPTKY IMACCHBHOW CXEMBbI OTHOCHUTEIHHO TOYEK MOMKIIOUYCHHS BBIJICICHHON
BETBH M TAKMM 00Pa30M OMPEILISIIOT Ry yp.

4) CocTaBisIOT OAHY U3 PKBUBAJICHTHBIX CXEM 3aMEILEHUS C T€HEPaTOPOM
HaIpspKeHUs (PUCYHOK 27a) Wik ¢ TeHEpaTOpoM TOoKa (pucyHoK 270).

5) BBINOJHSIOT pacueT SKBUBAJIEHTHON CXeMbl (PUCYHOK 27a WM PUCYHOK
270) 1 HAXOAAT UCKOMBIN TOK, HAIpUMED:
£y
R, +R,
Up _ 1 S5
I= R :R_'ﬁ_ 0 METOAY JABYX Y3JIOB JUISI CXEMbI PUCYHOK

S R

I= — 110 3akoHy OMa [1J11 CXeMbI pUCYHOK 27a;

270.
Tak kak MexXIay Tpems MapaMeTpamMu 5SKBHUBAJICHTHOIO TeHepaTropa

CIIPaBCAJIINBO COOTHOIICHUC E3 :J3 ‘RO, TO 1 UX OIPCACIICHUA AOCTATOYHO

paccuuTtarh J0ObIe JABa U3 TPEX MapaMeTpoB coriacHo ILI. 1), 2), 3), a Tperuii
napameTp ONpeNeTuTh U3 MPUBEICHHOTO COOTHOIICHHUS.

IIpumep. B cxeme (pucyHOK 28) C 3aJaHHBIMH ITapaMETPAMH 3JIEMEHTOB
(EIZIOO B, E2:20 B, E3:3O B, E4:10 B, R1:R2:4O OM, R3:R4:20 OM,
Rs=Rs=10 Owm) omnpenenutb TOK B BBIJCIICHHOW BETBU [s  METOIOM
SKBUBAJICHTHOT'O T€HEPATOpA.

- R
S B
I
R Ry Ry R:
F, ‘ F F. E-
R:
]
I
Pucynox 28
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Pelnenue 3a1auu BBIMOIHSAETCS MO3TAMTHO.
1) Onpenenenne U,,=FE,B cxeme pucyHok 29.

a L § - b
R e R Ry R
~ -'.'I .'.':n r_::E
El e speeare - I'E? ,___ Eq
Rl:. )
. l | .
Pucynox 29
; _E-E, _100-20 _ [ o EtE,_30+10
' R +R, 40+40 ’ * R,+R, 20+20 ’

@~ R —E,+0-R,—E,+L,R, =,; =
U,=¢ —@,=IR +E,+E, —I,R, =40+20+10-20=50 B

2) Onpenenenne R =R, B cxeme pucyHka 30.

5 Rw.-;ﬁ,
Ry Ry R, Rs
Rs
—
L
Pucynok 30
R -R R,-R : :
R,=——2+R +—2—*= 40-40 +10+ 20-20 =40 Oum
R +R, R,+R, 40+40 20+20

3) PacueT skBHUBaJIEHTHON CXeMbI PUCYHOK 31 M ompeserneHne HCKOMOTo
ToKa /.

I
-l
Ro
) Re
b
Pucynoxk 31
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E, 50 _
R, +R, 10+40

1A

3 llenu CHHYCOUIAJIBHOT0 TOKA

3.1 IlepeMeHHBIii TOK (HANIPS2KEHUE) U XaPAKTEPU3YIOIIHME €0
BeJIUYHHBI

IlepemeHHbIM Ha3biBaeTCs TOK i(f) [HampspbkeHue u(f)], mepuoOAMYECKU
U3MEHSIOIMNCA BO BPEMEHM 10 MPOU3BOJILHOMY 3aKOHY. B anekTtposnepreTuke
MOHATHE TIEPEMEHHBIN ’ YIOTPEOJSIIOT B 00JiIee y3KOM CMBICIIC, @ UMEHHO: TO]
MEPEMEHHBIM MMOHUMAIOT TOK (HAMpsDKEHWE), M3MEHSIONINIICS BO BPEMEHU TIO
CHUHYCOUJAILHOMY 3aKOHY:

i(H)=L, sin(wt+y;,
u(t)=U,sin(axt+ )
I'paduueckue quarpamMmel 3TUX QYHKIIUN UMEIOT BUI(PUCYHOK 32):

U, ol

Rt

v T \
N

Pucynox 32

Bpewmsi, 3a KOTOpO€ MPOUCXOAUT OHO TIOTHOE KoJieOaHue, Ha3bIBACTCS Tie-
puosoMm u obo3HavaeTcst OykBoit 7. Yucio mojHbIX KojieOaHui (epruoaoB) B eu-
HUILy BpEMEHH Ha3bIBACTCS YaCTOTOM f:

1
f=;wm

N3 maTeMaTUK U3BECTHO, YTO CUHYCOMANbHAS (DYHKIINS BPEMEHHU MOXKET
OBITH OTMMCAaHA BPAIIAIOIIMMCSI BEKTOPOM CO CKOPOCTBIO BpalleHuss @. B TexHmke
9Ta BEJIMYMHA MMOJy4YnJia Ha3BaHUE YTII0BON YaCTOTHI:
T -l
[¢"] unu [pan/c]

a)=27y”=2?

B Beipakenusix ¢hyukiui i(f) v u(t) npuHITH 0003HAYCHUS:
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u(t), i(f) uaM u, i— MTHOBEHHbBIC 3HA4YCHUSI QYHKIWN, T.C. UX 3HAYCHUS B
MIPOM3BOJIHLHO BEIOpAHHBI MOMEHT BPEMEHH;

U,, 1,,— amuuTyaable (MaKCUMAITbHBIC) 3HAYCHHS (DYHKITU;

(at+ y)—haza, onpeenstonias MOMEHT BPEMEHH;

W.» W— HadabHbIe (a3bl QYHKIIMHA, OTIPEIESNISIONINE UX 3HAYCHNS B MOMEHT
=0, 3aBUCAT OT BEIOOpA HavaJla OTCUETa BPEMEHHU;

@ = W,—W— yroa casura ¢a3 (pa3HOCTh HaAYAJIbHBIX (Pa3) MEXTy HampsKe-
HUEM M TOKOM, HE 3aBHCHUT OT BHIOOpA Hayajia OTCUeTa BpEMEHHU.

CunycompanbHas ¢opMa st (QYHKIIUA TOKOB U HANpPsDKCHUH B
AJIEKTPOIHEPTETUKE YTBEP)KJEHA B KA4ECTBE CTaHIApPTa W SBJISETCS OJHUM U3
MoKasaTelied KauyecTBa AJIEKTPOIHEPTHH KaK TOBapa.

N3 ¢pu3mvecknx 3aKOHOB CIEMYET, YTO MPHU MPOTEKAHUH CHUHYCOMIATEHOTO
Toka [=I,Sin@t 4depe3 Ir000N TUHEHHBIN 3JIEMEHT 3JIEKTPUUECKOHN e HampsiKe-
HHUE Ha €ro 3aKMMax Takke OyJIeT CHHYCOMJAIbHBIM, B HA00OPOT, MPU CHHYCOH-
JAJTbHOM HAINpsDKEHUH TOK Takke OyIeT UMETh CHHYCOUTANBHYIO (hOpMY.

N3 3akona Oma i1 pe3uctopa R cienyer:
ur = Ri=RI[,sinax=U,,sinax.
W3 3aK0Ha 3IEKTPOMArHUTHOW MHIYKIIMH JTsl KATYIIKU L Cleayer:
di
U =—-e= LE = wLl,cosart = U,sin(at+90°).
W3 3akoHa coxpaHeHus 3apsna st Konaencaropa C cienyer:

Uc = lfia’l‘ = —I—mcoswt = U,sin( a¥—90°).
C C a)C m

Takum o00pa3om, B IleMH TEPEMEHHOTO TOKa JIFOOOW CIOKHOCTH
HAIPSOKEHUST U TOKM Ha BCEX ydacTKax OyIyT M3MEHSATHCS MO CHHYCOHUJIATHLHOMY
3aKOHY MPHU YCIOBUHU, YTO MCTOYHHUKHU SHEPTHH 00ECIICUMBAIOT CHHYCOWIAIBHYIO
dbopmy HampsHKEHUI HA X BBIBOJAX.

Jluama3oH 4YacTOT TOKOB WM HaNpsKEHWUM, NMPUMEHSIEMBIX B Pa3IUYHBIX
OTpacisiX COBPEMEHHOW TEXHUKH, OUYE€Hb BEIIMK: OT 107! I'm no 10° I'm. B
ANIEKTPOIHEPTETUKE B KAaueCTBE CTaHJapTa 4acTOThl B EBpome mpuHsATa yacTtoTra
£=50 Ty (0=27f =314 ¢"), a B CIIA u Kanage /= 60 'y (=377 ¢''), B mpyrux
CTpaHax BO3MOXKHBI 00a BapuaHTa WM OJUH U3 HUX.

YacroTta f= 50 'y mpuHATa B KaueCTBE CTaHIapTa UCTOPUUYECKH Ha 3ape
Pa3BUTHSL IJECKTPOIHEPTETUKUA U YKE HE COOTBETCTBYET CETOJHSIIHEMY YPOBHIO
pa3BuTHs TexHUKU. ONTUMaIBLHON Ha ceroAHs Oblia Obl yacToTa B nuama3zoHe 150
— 200 Tm. OmgHako mepexo] Ha ONTHUMaJbHYK YacTOTY CBsI3aH € OOJIBIIMMH
TEXHUYECKUMHU CJIOXKHOCTSIMH M B OJwkaiiliiee BpeMs HE MOXET OBITh
OCYIIIECTBJICH.

3.2 CpenHee u JAeiCcTBYIOIIEE 3HAYCHUSA NTEPEMEHHOT0 TOKA U
HANIPSIKEHU I
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Cpennee 3HaueHue I, MpOU3BOIBGHON (QyHKIMM BpeMeHH f(f) 3a MHTEpBal

BpeMeHu T ompeaeisieTcs o hopmyie :
1 T
E,=r @
0

YucneHHo cpenHee 3HaueHHe [, PAaBHO BBICOTE INPSAMOYIOJbHHKA,
PaBHOBEIIMKOIO MO IUIOMAAN (QUrype, OrpaHMYEHHOW KpUBOHM f(1), ocblo ¢ H

npenenaMu narerpupoBanus 0 — 7' (pucyHok 33).

f
ity
T S
- S,
Foo 2 >
e .
"'\\-“_
T
0 . !
Pucynox 33

Jlist cuHyconmanbHOM (DYHKIIMM cpeHee 3HAYCHHWE 3a TOJHBIN mepuon T
(WM 3a LEJI0€ YKCIIO0 MOJHBIX IIEPUOIOB) PABHO HYJIIO, TaK KaK IUIOIIAIN ITOJIOKHU-
TEIbHOW M OTPULIATEIbHON MOJIYBOJH 3TOW (DYHKUMU paBHBI. [[j1s1 mepeMeHHOro
CUHYCOUJIAJIbHOTO TOKa (HAmpsDKeHHWs!) CpellHee 3HAuyeHHe OIpeAeNsioT 3a
noJIOBUHY nieproja (7/2) Mex 1y AByMsl HyJIEBBIMUA 3HAYEHUSIMU (PUCYHOK 34) :

T
=_ = —"|sinwt-d(at) = —cosmt|. =" ~(0,637
L, 2J0' 1, sinax dt a)TJ). (cr) 27[T| K . ,6371,
T T

—

] i

T t
T

Pucynox 34

U, =Y ~06370,

AHaJIOTUYHO IMOJIYUYUM JIs1 HAITPSPKCHUA L cp
T




JlelficTByroniee 3HAaYEHUE MEPEMEHHOTO TOKA (HANpPSIKEHUS) ONpeaeseTcs
KaK CpeHEeKBaIpaTUIHOE 3HaUeHHE (YHKIIMH 32 IEPUOJT :

1% 175 a1 1

I= —ji(t)zdtz —j]isiﬁm-dtz —’"I ———coszat)a’ =
Ty Ty T2 2
Um

AHaNOru4HO nonyuum s Hanpsokenus: U = ﬁ ~0,707U,,

KomngectBo OHCPIruu, BbIACTIACMOC IICPEMCHHBIM TOKOM B PE3HUCTOPC R 3a

T
Bpems 7, mo 3akony JDxoyns Oyner paBHo W = Jiszf =FRT, a aKkTHBHas
0

MOIIIHOCTE COOTBETCTBEHHO P = 7 =FR.

Takum o0pa3zom, mapaMeTpbl 3JIEKTPUYECKOW SHEPruu Ha NEPEeMEHHOM
TOKE (KOJIMYECTBO JHEPIrUH, MOIIHOCTh) XapaKTEpU3YIOTCS JEUCTBYIOIIUMHU
3HaueHusAMM HanpspkeHus U m Toka /. Ilo 3TOM mprynHE B DIEKTPOIHEPTETUKE
IOPUHATO BCE TEOPETHUUYECKUE PACUYEThl U SKCIHEPUMEHTAIbHBIE H3MEPEHUs
BBIIIOJIHATH IS IEUCTBYIOIIMX 3HAYEHUN TOKOB M HANpPsDKEHUN. B pannorexHuke
U B TEXHUKE CBSI3U, HA00OpOT, ONEPUPYIOT MAKCUMAJIbHBIMU 3HAYEHUSIMU ITHX
byHKIMH.

[TpuBeneHHble BbllIe (OPMYJIIBI Uil SHEPTUU M MOIIHOCTH MEPEMEHHOTO
TOKa IOJIHOCTbIO COBIAJAIOT C AHAJIOTMYHBIMM (OpMyJaMHU JUIsl TOCTOSHHOTO
ToKa. Ha 3TOM OCHOBaHMM MOYKHO YTBEP>KIaTh, YTO SHEPrE€TUYECKHU IIOCTOSTHHOMY
TOKY 3KBUBAJICHTHO JCUCTBYIOILIECE 3HAUYCHUE IIEPEMEHHOIO TOKA.

CunycounanbHas QyHKIMS BpEMEHH, KaK epuoanyeckas QyHKIus,
XapaKTepu3yeTcs CAeAyIOUMMHI KO3 PUIMeHTaMU :

1 U
Ky = Tm = Fm =2~ 141- KO3 UIIMEHT aMILTUTY/IbI,
1 U V4
Koy = —=—=——=~111- kod3pPuumeHt ¢opMsnl.
) Icp Ucp 2\/5 iy op

3.3 BekTopHbIe IMarpaMMbl llepeMeHHbIX TOKOB U HaNPsizKeH Wil

N3 xypca MaTeMaTUKU U3BECTHO, YTO JIFOOYIO CUHYCOUIAIbHYIO (DYHKIUIO
BpeMeHHu, Hanpumep i(f)=I,sin(a¥+q), MOXKHO H300pa3UTh BpaAIIAOITUMCS
BEKTOPOM (pUCYHOK 35) mipu COOTIOACHUH CASAYIOUINX YCIOBH :

a) JUIMHA BEKTOpa B MaclTabe paBHa aMILTUTYJE QYHKIMH 1, ;

0) HayaJIbHOE MOJIOXKEHUE BeKTopa npu ¢ = 0 omnpezensercs HaualbHOU
dbazoit «;

B) BEKTOpP PAaBHOMEPHO BpAILAETCS C YIJIOBOM CKOPOCTBIO @, PaBHOM
yIJI0BOM 4YacToTe (QyHKIUU.
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o \
P M“a_ @

i(0}

Pucynox 35

[Ipu coboieHnH Ha3BaHHBIX YCIOBUM MPOEKIMS BPAILIAIOIIETOCS BEKTOpa
Ha BEPTUKAJIBHYIO OCh y B CHCTEME KOOpAMHAT X—) B JIIOOOW MOMEHT BpEMEHU
{'paBHa MTHOBEHHOMY 3HaueHUIO QyHKIUH i(¢'), cnenoBatenbHo i = [,sin(wt+a)

PaccmoTpum mpoueccsl B CXEM€ DJIEKTPUYECKOW LEenu pucyHka 36.
N300pa3umM cuHycousiaabHble (YHKIMU TOKOB M HANpPSHKEHUN BpallaroluMUCA
BEKTOpaMHU JJI1 IIPOU3BOJIBHOIO MOMEHTa BpeMeHH, Hampumep ¢ = 0 (pucyHOK
37a). Ilpu paccMOTpeHHHM YCTAaHOBHUBILETOCS PEXKHUMa B CXEME€ MIHOBEHHbIE
3HaYeHUs (QYHKIMI HE MPEACTaBISAIOT UHTEPECa, MO3TOMY MOMEHT BPEMEHH, IS
KOTOPOTO CTPOMUTCSA BEKTOpHAs JAMAarpaMma, MOXKET ObITh BBHIOpAaH MPOU3BOJIBHO.
[lenecooOpa3Ho OAMH W3 BEKTOPOB MPHUHATh HAYAJIbHBIM WM HCXOJIHBIM U
COBMECTHUTH €ro Ha JuarpamMme ¢ OJJHOM U3 oceil KoopAuHAaT (BeKTOp £ Ha pUCYHKE
376 coBMElIEH C OChIO )), MPU ITOM OCTajbHbIE BEKTOPHI PACIONIaraloT I0
OTHOIICHUIO K HCXOJITHOMY BEKTOPY O]l yIIIaMH, PaBHBIMU UX CABUTaM (a3.

j

—_—

i l i l u =e = E,, sin{ oi+a)
* =l sin{@t+ys)
e() z| | u 2 ' “

Pucynoxk 36

Tax xak Ha IPAaKTHKE UHTEPEC MPEACTABIIIOT JCHCTBYIONINE 3HAYCHHSI
TOKOB ¥ HAaIlPsDKEHUM, TO HA BEKTOPHBIX JUarpaMmax JIJIMHbI BEKTOPOB
IPUHUMAIOT PAaBHBIMU B BEIOPAHHBIX MacIITabax X ACHCTBYIOIUM 3HAYCHHUSIM
(pucyHok 370).

h

2

a) )]

Pucynox 37
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COBOKYITHOCTh BEKTOPOB TOKOB U HANpPsDKEHHWH, XapaKTepU3YIOIINX
IPOLIECCHI B LIETIH NIEPEMEHHOIO TOKA, IIOCTPOEHHBIX B BHIOPAHHBIX MaclITadax H ¢
COOMIOACHUEM NPABWIBHOM HX OpPUEHTAlMM Jpyr OTHOCUTEIBHO Jpyra,
Ha3bIBAETCS BEKTOPHOHN AUArpamMMmoi.

3.4 TeopeTu4eckue OCHOBBI KOMIIJIEKCHOTO MeTO/1a pacuera uemneii
nepeMeHHOro TOKa

N3 xypca MaTeMaTHKu U3BECTHO, YTO KOMILJIEKCHOE YHCIIO Z MOXKET OBITh
IPEJICTAaBICHO B CIEAYIOMHUX TpeX popmax: mokazaTeabHON, TPUTOHOMETPUIECKON
U anreOpandecKkoi:

Z = Ze '* = Z(cos a + jsin a )= a + jb.

IIoKa3aTcjibHas1 TPHUTOHOMCTPHUYICCKAA anre6pa1/1quKaﬂ

B ocHoBe nepexona otT 0aHOM (GOPMBI KOMITJIEKCHOTO YUCHA K APYTroi

JICKUT U3BECTHAS U3 MaTeMaTHkH (popmyia Ditnepa :
e’ =cosa+ jsina

31ech 0003HAYEHBI:
j=~/-1 — MHIMOE eIMHNYHOE YHCIIO,
Z — MOZlyJib KOMILJIEKCHOT'O YHCJIa,
O— apryMEHT KOMIUIEKCHOTO YHCIIa,
@ — BEIIECTBEHHAs YacTh KOMILJIEKCHOTO YHUCIIA,
jb — MHUMas 4acTh KOMIUIEKCHOTO YHCIIA.

CooTHoleHus Mexay KO3(PPUIIMEeHTaMU Pa3IMYHbIX (POPM KOMIUIEKCHOTO

YHUCIa BBITEKAIOT U3 (popMyiibl Diisepa :

| e b
a=Zcoso;hb =Zsino;Z=Va" +b" ;a=arctg p
[IpuBenem HanboJIee YaCTO BCTPEUAIOIITUECS YHCICHHBIE COOTHOIICHUS
0 _ 4. £j180° _ 1. §90° _ .. -90° _ .. R B S

=1L =17 =+’ =—j; 1=y = -1 = —ur. 1

Komrutekcrnoe uncio Z = Z&“ = a + jb Moxer ObITh H300pakeHO BEKTOPOM
Ha KOMIUIEKCHOM TUIOCKOCTH (PUCYHOK 38), IpH 3TOM anredpandeckoit popme
urciaa Z = + jb cOOTBETCTBYET JeKapTOBas CHCTEMa KOOPAMHAT (a—>x; b—»y), a

nokasarenbHol Gopme uncna Z= Ze’* — nonspHas cucreMa KOOpAUHAT
(Z—p;a—6).

+1 (x)
Q
Zp o9
1 - i
Pucynox 38
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MoXHO yTBEpkKIaTh, YTO KaXKJIOH TOYKe (BEKTOPY) Ha KOMIUIEKCHOM
IJIOCKOCTH COOTBETCTBYET OIPEICICHHOE KOMIUIEKCHOE 4YHUCJIO, U HaobopoT,
KQKJIOMY KOMIUIEKCHOMY YMCIIy COOTBETCTBYET OIpeEeieHHas Touka (BEKTOp) Ha
KOMILUIEKCHOM IIJIOCKOCTH.

N3BecTHO, 4TO CUHYCOMAAIBbHYIO (DYHKIIUIO MOXHO U300pa3uTh BEKTOPOM,
a BEKTOpP B CBOI OUY€pellb MOKHO MPEACTABUTh KOMIUIEKCHBIM YHCIOM. Takum
o0pa3oM, CHHyCOMJAJbHbIE TOKM M  HampsDKEHHUs,  XapaKTepU3YyIollue
YCTAaHOBUBIIUHCS PEKUM IIEMU MEPEMEHHOTO TOKAa, MOTYT OBITh MPEACTaBICHBI
KOMIUJIEKCHBIMH YUCJIAMU :

T =T 2" wnsemmekCHZS AMILINTYIA,
e =Il,sin(ax + ;)

< I = Iej” — KOMITIIEKCHOE JENCTBYIOIIEE 3HAUCHHE. 3]IeCh <>—3HaK
COOTBETCTBHA.

[Ipu pacuete 1enei nepeMeHHOro TOKa BOZHUKAET HEOOXOAMMOCTh BBITIOJN-
HEHMs PA3JIUYHOTO POjia MAaTEeMAaTHUYECKUX ONepaluii ¢ CUHYCOUIAIbHBIMHU (hYHK-
nusamu. [lpu 3aMeHe cHHyCOMJAIbHBIX (PYHKIMNA (OpUTHMHAIOB) KOMIUIEKCHBIMU
guciaaMu  (M300paKEHUSIMH) COOTBETCTBYIOIIME MAaTeMaTHYECKHE OIepaluu
BBITTOJIHSAIOTCS C KOMIUIEKCHBIMH YHCJIAMHU.

CnoxeHnue (BbIYMTAaHUME) KOMIUICKCHBIX 4YHCENl  MOPOU3BOAUTCA B
anredbpandeckoi opme

Z:é"‘é:(% +jb)-(a, + jb,) = (a,a, —bb,) + j(ab, + a,b) = a+ jb = Ze™

YMHOKEHNE KOMITJIEKCHBIX YHMCENT MOKET BBITIOJIHATHCS, Kak B anredpaunye-
CKOM, TaK U B MOKa3aTebHOU (popmax:

Z:é'é: (a,+ jb)-(a, + jb,) = (@@, =bb,) + j(ab, + ab) = a+ jb=Ze™

1 1 j + 1 .
2=2,-72,=2,"-7, =27,-¢""“" =Ze/* =a+ jb
I[CJ'I@HI/IC KOMIIJICKCHBIX HHUCCII MOXKET BBITTIOJIHATBHCS KaK B
anreOpanyecKou, TaK U B MOKa3aTeIbHOM opmax:

Z (a,+jb) _ (a,+ jb)(a, — jb,) _ (a@,a, +bb,)+ j(ba, —ab,) _

L==—= : : :
Z, (a,+jb) (a,+jb,)a,—jb,) a22 "'bz2
= (a1a§ +b1[;2) + '(blai _a1[2)2) =a+ jb=7Ze"
a, +b, a, +b,
Z- Z, _ Ze™ _ Z, /) = 7007 = g+ jb

- Jjeo
Z, Ze Z
BO3BC,Z[CHI/I6 B CTCIICHb (I/I3BJ'ICI16HI/IC KOpHH) KOMIIJICKCHOTO 4YucCJa
BBIIIOJIHSCTCS TOJBKO B ITOKa3aTeIbHOU (bopMe:

Z=(M-e")Y' =M"-e" =Ze'*
. v _
Z=~NM- e’V =M -e’2 =Ze’"
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YcTaHoBUM MOPANOK AUPPEPEHIMPOBAHUA U WHTETPUPOBAHUS CUHYCOU-
nanbHBIX (QyHKIME B KomruiekcHo ¢opme. Ilycth 3agaHa HekoTopas (yHKIUSA
TOKa U €€ KOMIUIEKCHOE N300pakeHue:

i=1 sin(wt+y)< =1

[TponsBogHass ® WHTErpadl OT OdTOH (QYHKIMM WX KOMILUIEKCHBIC
n300pakeHus OyIyT PaBHBI:

d . i(w+90° . -0N0° .

zizIma)~cos(a)t+w)=Ima)-sm(a)t+1/1+90")<:>la)e’('” = Jwe e = jo-I;
1 I . I 000y 1 1, _iooe 1

J.i-dt:——’”-cos(a)t+l//):—m-sm(a)t-i—ly—900)<:>—e’“” W =—eWe " ==
@ @ @ @ jw

Takum o6pazoMm, uddepeHIMPOBAaHUIO CHHYCOUJANbHON (PyHKIUU
BPEMEHU COOTBETCTBYET B KOMIUIEKCHOH (hopME YMHOXXEHHE €€ KOMIUIEKCHOTO
U300pa’keHNs] HA MHOXKUTENb j @, @ HMHTETPUPOBAHUIO — COOTBETCTBEHHO JICNICHHE
Ha TOT ke KO3 (HUIHEHT:
ﬂ@ jol,; Jidt <:>LI_.
dt - jo

3aMeHa MaTeMaTHYeCKUX omepauuid 2-ro poaa (nuddepeHnupoBaHue,
MHTETpUpOBaHUe) omnepanusiMu 1-ro pojna (YMHOXEHHE, AENEHHE) CYLIECTBEHHO
YIIPOIIAeT pacyeT Lenei NepeMeHHOro TOKa B KOMILIEKCHON opMme.

CoBpeMeHHbIE WH)KEHEPHBIE KAJIbKYJIATOPHl B  pexume «compl»
MO3BOJIAIOT ~ BBIMIOJIHATH  BCE  JEHCTBUS €  KOMIUIGKCHBIMH  YHCJIaMU
HEMOCPEACTBEHHO TaK e, Kak ¢ OObIYHBIMH unciaaMu. [Ipu 3Tom criegyer npuHsTH
BO BHUMAaHHE, UYTO KaJIbKYJSATOP BBIMOJHSAET MACHCTBHUS HAJl KOMIUIEKCHBIMU

YUCIIaMHU TOJBKO B anreOpamueckoir popme (Z=a+ jb) wu pesynbraThl pacuyera
BbIJIaeT Takxke B anreOpamueckoil ¢opme. Ecnu vcxonHble KOMIUIEKCHBIE YHUCIIA

3a7aHbl B IIOKa3aTeNbHOH (opme (Z=Ze™), To mociie MX BBOAA HEOOXOIUMO
BBITIOJTHATH OTIEPAIIHIO TIPEOOPA30BAHUS UX B AIreOpandecKyro GopMmy.

KomriiekcHpIli METO/ pacueTa Ieneil mepeMeHHOT0 ToKa OBl pa3paboTaH
B 1910-1912rr. amepukanckum uHxeHepoM LIITelHMETHIOM U chirpan OOJBIIYIO
POJIb B Pa3BUTHH TEOPUU AIEKTPUUECKHUX IENEH MepeMEeHHOro TOKa.

3.5 MoumHOCTh NEPpEMEHHOI0 TOKA

B cioxHO# 35eKTpruuecKoi 1enu, COCTOAIIEH U3 Pa3HOPOIHBIX 2JIEMEHTOB
R, L, C, 01THOBPEMEHHO MPOUCXOJAT CIAEAYIOINEe (PU3NUECKUE MPOLIECCHI:

a) HeoOpaTuMbId Tpolecc MpeoOpa3oBaHUs BJIEKTPUUYECKON SHEPruM B
JIpyrue BUIBI (TEMIOBYI0, MEXaHUYECKYIO U Jp.), KOTOPbII Ha3bIBAE€TCS AKTUBHBIM;

0) oOpaTumblii TIporiecC KoJIeOAaHHMS DSHEPrUU MEXAY TMEpPEeMEHHBIM
2

QJICKTPUICCKUM I10JICM KOHIACHCATOPOB (W3 = ), MAaravuTHBIM IIOJICM KaTy-

Li’ .
wek (W, = T) Y UICTOYHUKOM DHEPTUH, KOTOPBIM HA3bIBAETCS PEAKTUBHBIM.
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[Ipouecc mpeoOpa3oBaHus U MpoIiecc KoieOaHusl YHEPTHH B3aUMHO HaKJIa-
JBIBAIOTCSL APYT HA JIpyra, co3/iaBas B LEMNHU €AUHBIA CIIOXHbBIA SHEPreTUYECKUN
npoiiecc.

IIycts syiekTpuyeckas 1ENb HOCUT AKTUBHO-UHIYKTUBHBIM XapakTep U
MOXET OBITh MpEJICTaBICHA MPOCTON cXeMOM, cocTosiieit u3 ncrounuka IJC e u
MACCUBHBIX 3JIEMEHTOB R 1 L, BKIIFOUEHHBIX MMOCIIE0BATEIbHO (PUCYHOK 39):

] R L
" Y YL
L
(D s
Pucynoxk 39

HanpspkeHne u TOK Ha BXOJA€ CXEMbl Kak (PYHKIMHM BPEMEHH M UX
KOMIUIEKCHBIE N300pakeHUsI OyTyT paBHBI:

- 0
u=U, sinot & U =Ue’";
P : — JpJ?
i=1 sin(owt—@p)=1=1e"".
MrHoBeHHasi MOIIIHOCTh, KaK (DYHKITUS BPEMEHH, COCTOUT M3 JIBYX Clarae-
MBIX:

p)=u-i=U, sinwt-1, sin(wt—@)= Umz],,l cos @ +%cos(2a)t —@)=p, @)+ p, ().

Um]m
IIepBoe cmaraemoe | P ()= 5 cos® >0 | xapaxtepusyer mpomuecc
npeoOpa3oBaHus AJICKTPUUCCKON PHEPTUU B APYTrHe BUABI (AKTHBHBIA MPOIIECC).
Umlm
Bropoe cnaraemoe | p,(?) =Tcos(2wt—(p) U3MEHSIETCS 0 EPUOUYECKOMY

3aKOHY C YacTOTOM 2aM XapaKTepU3yeT MPOIEecC OOMEHa JHEPruerd Mexmy
MarHUTHBIM MOJIEM MMPUEMHUKA U HCTOUHUKOM DHEPTHH (PEaKTUBHBINA MPOIIECC).
KonudecTBo sHEprum, KOoTOpoe mpeoOpa3yercsi B MPUEMHUKE B JIPYTUE
BHUJIbl B €IMHUILY BPEMEHH, HA3bIBACTCS aKTUBHOM MOIIIHOCTHIO P. MareMarndecku
aKTUBHAS MOIIIHOCTh MOXET OBITh MOJyYeHa KaK CpeHee 3HAUYCHWE MTHOBEHHOM

MOIIHOCTH 3a IICPUO/I:
T

15 15U 1 15U 1
P=P =— H)-dt =—|—22cose-dt —— | " cos(Rat — @) -dt =
cp T!p() Tj 5 @ T! 5 cosart =)

0

1
= %cosgy = Ul cos .
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PeaktuBHas MommHOCTE () XapakTepuzyeT WHTCHCUBHOCTH OOMeEHa
DHEpPrueil MEXIy MarHUTHBIM TOJIEM MPUEMHHUKA ¥ UCTOYHUKOM U OTPEICIISICTCS
o ¢hopmyiie:

2
Q:Ulsingpzlza)L:a)-le’” =W__ .

max

PeakTuBHAs MOLIHOCTH HHAYKTHBHOTO Xapakrtepa (¢ > 0) nonoxwurensHa,
a emkoctHOoro xapakrtepa (¢ <0) orpurarenasHa. [IpOTHBOIIOIOKHOCTS 3HAKOB
yKa3blBaeT Ha TOT (PaKT, YTO KoJieOAHUS SHEPIMH B PA3HOPOIHBIX BJIEMEHTaX
COBEPILIAIOTCS B MpOTHUBO(DA3e.

B TexHuke uCHoNb3yeTcsl MOHATHE MOJHOM MOIIHOCTH S, KOTOopas He
uMeeT (PU3UYECKOTO CMBICIIA U onpeeiseTcs o Gpopmyiie:

S=Ul=\P*+0* .

Mortnoctu S, P, Q 006pa3yroT IpsIMOYTOJIbHBIN TPEyTOJIbHUK, KOTOPBIN Ha-
3BIBAETCS TPEYTOJIBHUKOM MOIIHOCTEN (pucyHOK 40).

P

P
Pucynox 40

XoTs (usznueckas pasMepHOCTb MolHocTel S, P, J 0lMHAKOBa, & UMEHHO

[BA], JUISL KQXKJIOM U3 HUX Ha MPAKTUKE MPUMEHSETCA CBOS €AWMHUIIA U3MEPEHMUS:
JUIST aKTUBHOM MOIIHOCTH P — BarT [Bm], Il pEaKTUBHOM MOIIHOCTH (J—

BOJIbBTAMIIC CaKTUBHBIM eap |, niasa IIOJTHOM MOIIHOCTH S — BosbTaAMIIE BA]|.
2

B cooTBeTrcTBUM C 3aKOHOM COXPAaHEHMS SHEPIHHM B LENH IEPEMEHHOTO
TOKa JOJDKHBI OalaHCHpPOBAaThCS HE3aBUCHMO JApPYr OT Jpyra AakTUBHBIE H

PEAaKTUBHBIE MOIIHOCTH IPHUEMHHMKOB M HCTOYHHMKOB 3H€pFI/II/IZZPucm :anp u

Y O =2.0,, . Bananc 15 NOIHBIX MOLIHOCTEH He COBITIONAETCA.

IIpu pacuyere nened MEPEMEHHOIO TOKAa KOMIUIEKCHBIM —METOJIOM
MOIIHOCTH S, P, O Ipe/ICTaBIAIOT B KOMIUIEKCHOHN dopme:

S=P+jO=I"R+jI’X=1"(R+jX)=1"1-Z=U-I’

*
rae I —conpsokennslil Komruieke Toka 1 .
Takum o6pazom

S =Mod [§ ] = Mod lQ v J— MOAYJb KOMIUIEKCHON MOIIHOCTH;
P= Re[§ ] = Relg v J—BGHIGCTBGHHEUI YacTh;
QO =1Im B] = Im |_Q v _|— MHHUMasl 4acTb.
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3.6 IlepeMeHHBIE TOK B OJJHOPOJHBIX HA€AJbHBIX 3JIeMEeHTAX

Cy1iecTByeT TpH THUIIA HACATBHBIX CXEMHBIX JIEMEHTOB: pe3UCTOp R, Ka-
tymka L u koHaeHcatrop C. PaccMoTpum mpolecchl B IEMU € KaXIbIM U3
Ha3BaHHBIX AJIEMEHTOB B OTJEIHLHOCTH.

a) Llenb ¢ uaeabHLIM pe3ucTopoM R.

+1

j R L
I o)

L | ,
I

u
+
6)

Pucynox 41

IIycth K menu c¢ pe3uctopoM R (pucyHOK 41a) MPUIIOKEHO NMEPEMEHHOE

HalnpsKeHue:
- 0
u=U, sinwt < U =Ue’" .

Tok u HampsbkeHHE Ha 3@KHMMax pe3UCTOpa CBA3aHbl MEXIy coOou

¢uznueckuM 3akoHoM Oma, T. €.
ou U . ) 0

i =% :?’"sma)t =1,sinot < [ =1e’"

U U
rac Im = Tm 5 I = E — YPaBHCHHA 3aKOHA Owma AJIA aMINIMTYAHBIX WU ,HeﬁCTBYIOHIHX

3HaYCHUN (PYHKITUH.

VYrou casura ¢a3 Mexay HanpsKeHUEM U TokoM @ =y, -, =0-0=0,
CJIEIOBATENIbHO, B LIEMIU C PE3UCTOPOM R TOK U HANpPsKEHUE COBIAAAIOT 110 (ase.

KoMIUIeKCHOE CONPOTUBIIEHUE PE3UCTOPA ABJISIETCS. YACTO BELIECTBEHHBIM:

U _ Ue"

Z:: — =
- 1 I

MrHoBeHHas MOIIHOCTB B IICTIN C PC3UCTOPOM R BCCraa IOJIOKHUTCIIbHA:
. . . . 2
p=ui=U,_ sinwt-I sinwt=U I s wt=0

Re’’ =R+ jO.

OTO 03HAYaeT, YTO B LIEMH C PE3UCTOPOM R MPOTEKAET TOJBKO IMPOLECC
peoOpa3oBaHusl AIIEKTPUICCKOW SHEPTUU B JIPYTHE BUABI (aKTHBHBIA TPOIIECC).
[To 3TO# mMpuYMHE COMPOTUBICHUE PE3UCTOPa R HA MEPEMEHHOM TOKE HAa3bIBACTCS
AKTUBHBIM.

I'paduueckue nuarpammbl GyHKIMN BpemeHHu u(f), i(¢), p(f) npeacraBiieHbI
Ha pUCyHKe 42, a BEKTOpHAsI [uarpaMma HampsDKEHHs B TOKa — Ha pUCyHKe 410.
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Pucynox 42

0) Llens ¢ naeaapbHONW KATYIIKOW L

+i .

a) 6)
Pucynox 43

Ilycte k menu ¢ uwaeanbHOM Karymkod L (pucyHOK 43a) NpUIIOKEHO
NIEPEMEHHOE HAMPSHKEHUE:
u=U, sinot < U =Ue’"’
Tox n HampsDKEHNE Ha 3aKUMax KaTYIIKHA CBSI3aHbI MEXIy coO0H (usnye-

di
CKHM 3aKOHOM >JIEKTPOMArHUTHOH HHAyKIuu ¥ =—€ =L — orkyna cremyer:

dt’
U, . U , e
i:lj.u-dt:—’”jsma)t-dt:—’”(—cosa)t):]m sin(ot —90°) & [ =le™””
L L wL ’

rae wL = X, — MHIYKTUBHOE PEAaKTUBHOE COMPOTHUBIICHUE KATYIIKH,

VYpaBHeHus 3akoHa OMa )1 aMIUTUTYIHBIX U JEHCTBYIOINX 3HAYEHUN

U U
i [ = [ =—
byHKIHA ) )
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VYron cnpura paz ¢ =y, Y, = 0—-(-90")=90° , T.€. B IIENIN C KaTYyLIKOH
L TOK OTCTaeT OT HANpsKEHUs (HAMpsHKEHUE OMEPEKAET TOK) Ha yros 90°.
KomrutekcHOE COMPOTUBIIEHUE KATYIIKU SIBJIIETCA YUCTO MHUMBIM U T10JIO-
KUTEJIbHBIM:
jO
Ve _xe™oo0+x,.

Ie—j90

ZL:

I~

MrHoBeHHasi MOIIIHOCTh L€ U3MEHSETCS 0 CUHYCOUATbHOMY 3aKOHY C
4acToTOM 2 @

p=U sinwt-1 sin(ot—90%) = %cos 907 — % cos(Qaxt —90%) =— U’”zl’” sin 2t

.JTO 03HAYAET, YTO B IIENH C KATYIIKOW L MPOUCXOAUT TOIBKO NEPUOINYECKUN

Li*

nporiecc 06MeHa SHeprueil Mexry MaruuTHbIM tonem katymku (W, = B3 ) u

MCTOYHHUKOM (peaKkTUBHBIN mporiecc). [1o 3Toil mpuurHe CONMPOTHUBIIEHUE KaTYIIKH
IIEPEMEHHOMY TOKY X; =@L Ha3bpIBa€TCs pEaKTUBHBIM.

I'paduueckne  aumarpammbel  GyHknud  Bpemenu  u(t), i(t), p(9)
IIPEICTABIICHBl HA PUCYHKE 44, a BEKTOpHAs AMarpaMMa HamnpspKeHHs U TOKa — Ha

pucynke 430.
win u
P
)
T [}
0 T 2n 37
Pucynox 44
B). llens ¢ uaeanbHbIM KoHAeHCaTOpoM C.
j | ﬁj +1
N U
u ,
{P..-'.;.
+ I
2) 6)
Pucynox 45
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[TycTh K nenu ¢ uaeaibHbIM KoHAeHcaTopoM C (pUCYHOK 45a) MpUII0KEHO
NepeMEHHOE HAMPSKEHUE

: 0
u=U, sinwt < U =Ue’
Tox m HampspKeHHE Ha 3aKMMaxX KOHJIEHCATOpa CBS3aHBI MEXIy coOoi
(Gu3nIecKuM 3aKOHOM COXPAaHEHHUS 3apsiia:

d d d(sinwt) U : o007
l‘:?q: C7M=UMC (51;(0 ) ] " _coswt =1, sin(wt +90°) <= [ =Ie’™”
t t t
@c
1
rae - X (¢ — eMKOCTHOE peakTHBHOE CONpoTuBiacHUE [OM].
@
YpaBHeHus 3akoHa OMa [Jid aMIUIMTYJHBIX W JEUCTBYIOIIMX 3HAYCHUU
U

o, ] =_m _
(DYHKIHIA: "y I =—.
C X C

Yron casura ¢az @ =Y, Y, =0-90"=-90 , T. €. B LeOu C
KoHJieHcaTopoM C TOK omepekaeT HanpsoKeHUe (HampsoKeHUE OTCTaeT OT TOKa) Ha
yrou 90°.

KomruiekcHoe conmpoTUBIIEHHME KOHJIEHCATOPA SIBJISIETCS YMCTO MHUMBIM U
OTPHULIATEIbHBIM:

Ue’®

- Ie’°

MrHoBeHHasi MOIIIHOCTh IIETTH U3MEHSETCS 10 CHHYCOUATbHOMY 3aKOHY C
q4acToOTOM 2 @

L= :Xce_jgoo =0—jX,.

I~

: : 1 1 I, .
p=U, sinawt-I sin(ot+90%) = % cos(—90%) — % cos(Rarx +90°) = % sin 2t

OT0 oO3HadaeT, YTo B Lenu ¢ KoHaeHcaTopoM C MPOUCXOTUT TOJBKO
NEPUOANYECKUN Tpolecc oOMeHa »HHEepruel MeXIy »JJIEKTPUUECKUM IOJIEM
Cu’ . .
konjencaropa (W, :T) U HMCTOYHHKOM (peakTuBHbIM mporecc). Ilo 3Toit
1
IOpUYMHE CONPOTHUBICHHE KOHJEHcaTopa IIEpeMEHHOMY TOKy X, = vy
@
HA3bIBAETCS PEAKTUBHBIM.
I'padumueckue nuarpammsl GyHKIUN BpeMeHu u(t), i(¢), p(¢f) npencTaBieHbI
Ha pUCcyHKe 46, a BEKTOpHAsl 1UarpaMma HamnpspKeHHsl M TOKa — Ha pucyHke 450.

U, i,p
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Pucynox 46

3.7 DiekTpuuecKas Henb ¢ MocjaeA0BaTeJbHbIM COeUHEHUEM
3j1eMeHTOB R, L u C

! R L C
— 3
Ug L2y e
e C) u
Pucynox 47

[IycTh B 3aJJaHHOM CXEMEC MOCIEIOBATEIBHBIM COEAUHEHUEM JIEMEHTOB R, L 1
C (pucynok 47) npoTekaeT NEPEMEHHbBIN TOK
i=1 sinwt< =1,
[To 2-my 3akony Kupxroda it MrHOBEHHBIX 3HaUE€HUH (PYHKIHHA MOJTYIUM
ypaBHeHue B quddepeHimanbaon Gpopme:

u:uR+uL+uC:iR+L%+%J.idt_

To e ypaBHEHHE B KOMILUIEKCHOM ()OpPME ITOIYYHUT BUL:
Q :QR +QL +Qc =IR +UXL +£(_ch) ZL(R +jXL _ch) =1Z,

rac L

Z=R+j(X,-X.)=R+jX =Ze/’— xoMmnekcHoe CONpPOTHBICHUE,

X=X -X.— pPEaKTUBHOE (3KBUBAJIEHTHOE) COIIPOTHUBIICHUE,

2 2
Z= \/ R*+(X,-X.)" — MOAy/ib KOMIUICKCHOTO WJIHM IIOJHOE COMNpPOTHUBIICHUE,
L X c
¢ =arcig R~ @PTyMEHT KOMIUIEKCHOTO CONPOTHBIIEHHAS WIM YTOJl CABHTa
(a3 Mexmy HanpskeHueM u TokoM Ha Bxoze cxeMsl. IIpu (X; —X.) >0 ¢pazuprit
yros ¢>0, Ipu 3TOM LEMb B IIEJIOM HOCHT aKTUBHO-WHIYKTUBHBII XapakTep, a Mpu
(X, —X:)<0 u ¢<0 — nenb B 116770M HOCUT AKTHBHO-EMKOCTHBII XapakTep.
VpaBuenue 3akoHa OMa JUTs IOC/IeIOBATEIBHOM CXeMbI OyIeT UMETh BUI:
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LU U i
ST TR, —X) B KOMIUIEKCHOU (hopme,
7 U U . i b .
=== — B 00BIYHOM Qopme 17151 MOTyTIeH.
Z R+ (X, - X,) ’ ’
+1
[ )
U, !
U, Ue
u
e
+§ g
! ) v
Pucynox 48

BexTopHas nuarpaMMa Toka M HanpspKeHH npu ¢>0 nmokasaHa Ha pUCYHKE
48. B paccmaTpuBaeMoil LIeNH HAa NEPEMEHHOM TOKE OYIyT MPOUCXOAUTH OJHO-
BPEMEHHO J1Ba (PU3UUECKHUX TMpoliecca: mpeoOpa3oBaHUe YHEPTHH B APYTrHe BUABI B
pesuctope R (aKTHBHBIA TIpOIlECC) U B3aUMHBIA OOMEH »JHEpPrueil MexIy
MarHUTHBIM TIOJIEM KaTYIIKH, OJEKTPUUYECKHM TOJIEeM KOHJEHcaTopa U
UCTOYHUKOM 3HEPTUu (peaKTUBHBIN MPOIIECC).

3.8 DuekTpuyeckas uenb ¢ NaApaJieJIbHbIM COeIMHEHNEM JIEMEHTOB
R, LucC

Ti i% j,l i l
dOL

“|P|

Pucynoxk 49

[TycTh Ha BXOJE CXEMBI PUCYHOK 49 JIeHCTBYET IEPEMEHHOE HANPSKEHUE:
u=U, sinwt < U =Ue"

[Io 1-my 3akony Kwupxroda s MrHoBeHHBIX 3HAYCHMHA (QYHKIMHA
noJjiyuyaeM ypaBHeHUE B nuddepeHmanbHoi popme:

T A du

i=i,+i, +i. =—+—J.zdt+C—

R L dt
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To xe ypaBHEHHE B KOMILJIEKCHON (hOpMe MOTyUUT BU:

£:£R+£L+£c:g+.i+ Q :Q(G_jBL‘l'ch):Q’X,
R jX, -jX.

. . i 1
rne ¥ =G—j(B, —B.)=G— jB=Ye " - xommiekcHas npoBoauMoCTb, GZE—

1
AKTHUBHasA IIPpOBOAHMMOCTD BL = — Pp€aKTHBHasid HWHIAYKTHBHasi1 IIPOBOAHMMOCTDH
2 X 2

L

B, =X—— pEaKTUBHAs €MKOCTHasl MPOBOIUMOCTb, B=B, -B. - peaKkTuBHAs
C
2 2 o
(9KBHUBAJICHTHAS) TPOBOAUMOCTH, Y =\/G +(B, —B.)" — MOayiab KOMILIEKCHOM
BL — Bc
MPOBOIUMOCTH WJIM TOJHAS MPOBOJUMOCTh, P = arcig T G~ AprymeHT

KOMITJIEKCHON TTPOBOJIMMOCTH WJIM YTOJI CABUTA (ha3 MEXKTy HAMPSHDKEHUEM W TOKOM
Ha Bxoge cxeMbl Ilpu (B, —B.)>0 u ¢>0 — 1ens B LEIOM HOCUT aKTUBHO-
WHIYKTUBHBIA Xapaktep, a mpu (B, —B.)<0 u ¢<0 — 1ens B LEIOM HOCHT
aKTUBHO-€MKOCTHBIN XapakTep.

VYpaBaenue 3akoHa OMa Jij1s apajjieibHOM cXeMbl OyA€T UMETh BU:

[=U-Y=U-[G- (B, —B.)]- B xommiexcHoit popme;

I=U-Y=U- \/Gz +(B, — B.)’ — B 0ObI4HOI (OPME TS MOJLYJICHA.

BekTtopHas nuarpamMma TOKOB W HampsbkeHus mpu ¢>0 mmoka3aHa Ha
pucyske 50.
+1

[ 1
 J

_"Lj I- 1, K
Pucynox 50

Ha mepemeHHOM TOKE B paccMaTpwBaeMoOil Iemu OyIayT MPOUCXOIUTH
OJTHOBPEMEHHO JBa (PU3MUECKHX Ipolecca: MpeoOpa3zoBaHUE 3IIEKTPUUECKON
DHEPrUHM B Jpyrue BUIBI (aKTUBHBIA TMPOIECC) ¥ B3aUMHBIA OOMEH JHeprueiu
MEXIy MarHUTHBIM IIOJIEM KaTYyIIKH, SJICKTPUUYECKUM I0JeM KOHJACHcaTopa H
HMCTOYHUKOM HEPruu (peaKTUBHBIN MpoIIecc).
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3.9 AKTMBHBIC U PEAKTHBHbIE COCTABJISIIOLIME TOKOB U HANIPSIZKEeH Uil

[Ipu pacuere »dIEKTPUYECKUX IENEH NEPEMEHHOTO TOKa pealibHbIe
JNIEMEHTHl 1enu (MPUEeMHHKH, HWCTOYHHKH) 3aMEHSIOTCS 3KBUBAJICHTHBIMU
CXeMaMHu 3aMEIIEHUsl, COCTOSUIMMU M3 KOMOMHAIMU HJICAJTBbHBIX CXEMHBIX
aneMeHTOB R, L u C.

[1ycTh HEKOTOPBIN MPUEMHUK SHEPTUU HOCUT B 1IEJIOM aKTUBHO-UHYKTHUB-
HBI XapakTep (HampuMmep, 3JEKTpOABUIaTelNb). Takoil NMPUEMHHUK MOXKET OBITh
NPEJCTaBICH IBYMsl MPOCTEUIIMMHU CXEMaMHU 3aMEIICHMs, COCTOSIIMMH U3 2-X
CXeMHBIX JJieMeHTOB R u L: a) mocnemoBaTenbHOU (pucyHOK 5la) u 0)
napayuienbHo  (pucyHok 510):

I R X, I
= VYL P — . b
» » '|.F| n
U, U, \
I U
a) )
Pucynok 51

O06e cxembl OynyT SKBUBAJIEHTHBI APYr APYTy IPU YCJIOBHUU PaBEHCTBA
mapamMeTpoB pexxumMa Ha Bxoge: U =U"'=U", I=1'=1".

JUis  mocnenoBaTesnbHOM — cxeMbl  (pucyHok  Sla)  cmpaBennuBbI
COOTHOILIEHUS:

]_,: Q. :Q(zR_‘]AXQL):Q,. 2 R 2_j 2XL 2 :Q,.Z7
R+ jX, R +X, R +X, R +X,
Q’:]_,'Z:]_,‘(R"'jXL)-
Jiist mapasienbHoi cxembl (pUcyHOK 510) cripaBe BBl COOTHOIIEHUS:
I"'=U"-Yy=U"-(G-jB,),
1y v
G- JjB, G°+B, G +B, G +B,
CpaBHuBas npaBble YacTu ypaBHeHUHN it U U [, MOJy4YuM COOTHOIICHUS
MEXKly TapaMeTpaMy SKBUBAJIEHTHBIX CXEM:
R R X X G G B B
G=—r—5=0, B=0 ==, R=— =0, X="F =75
RP+X" Z R +X° Z G +B" Y G +B Y
N3 aHanu3a NONYYEHHBIX YpPAaBHEHHMM CIENYyeT CHEJaThb BBIBOJ, 4YTO B

1 1 1 1

ob1iem ciydae R# 5 u B 7’5} U COOTBeTCTBeHHO R 755 u X ig, KakK 3TO

HNMEET MECTO OJIA ueneﬁ ITOCTOAHHOI'O TOKA.

-I"-Z
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Marematnyecku JIFOO0W BEKTOP MOXHO TIPEACTaBUTH COCTOSIIAM W3
CYMMBbI HECKOJIBKMX BEKTOPOB WJIA COCTABJISIONIUX.
[TocnenoBaTenbHON CXEME 3aMEIICHUSI COOTBETCTBYET IPE/ICTABICHUE BEK-
TOpa HAINpPSHKEHUS B BUAE CYMMBI ABYX COCTABJIAIOIINX: aKTUBHON COCTAaBJISIIOIICH
U,, coBmanamlerd ¢ BEKTOPOM TOKa [, M pEaKTHBHOM cocraBisomen U,
MIePIICHIUKYJIIPHON K BEKTOPY TOKa (PUCYHOK 52a):
+1

E

rr o

+i —f

a) TpeyroAbHNK 0) TPEYTONMBLHHK COIPOTHEIIEHHH

Pucynox 52

N3 reomerpun (pucyHok 52a) ciaeayroT cootHouenus: U, =Ucosp=1IR,

. 2 2
U,=Using=1X, U=,U, +U, =1-Z.

TpeyronapauK, cocTaBineHHbIi u3 BekTopoB U, U., U, momyunn Ha3BaHuE
TPEYroJIbHUKA HAIPSHKEHUH (PUCYHOK 52a).

Ecnu cTopoHBI TpeyrojibHUKa HANPSDKEHUN Pa3AeuTh HA TOK [, TO IOJy-
YUTCS HOBBIM TPEYrOJIbHUK, MOJOOHBIA HCXOJHOMY, HO CTOPOHAaMH KOTOPOIO
SIBJISIFOTCSL TIOJTHOE CONPOTHUBIICHHUE Z, AKTUBHOE CONPOTUBIIEHUE R U PEAKTUBHOE
conporuBienue X. TpeyronpHuk co cropoHamu Z, R, X  Ha3bBaercd
TPEYrOJAbHUKOM  CONpOTUBIEHUN  (pucyHok  520). W3  TpeyroipHuka

CONPOTUBIIEHUI CIEAYIOT COOTHOLIEHUs: R=Z-cosp, X=Z-sing, Z=~R*+X’,
@ = arctg e

[TapannenbHON CXeME 3aMENIEHUsI COOTBETCTBYET IPE/ICTABIEHUE BEKTOPA
TOKa B BHJAE CYMMbBI JBYX COCTaBIISIIOIIMX: AaKTHUBHOM COCTaBisOIIEH [,
COBIIQJIAIOLIEN C BEKTOpOM HampspkeHus U, W peakTHBHOM cocTaBisromen [,
NepIEeHIUKYIISIpHON K BekTopy U (pucyHOK 53a):
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a) TPeyTOLHHK TOKOP 0) TpPeyTONLHHK P OBOJHMOCTEH

Pucynox 53

13 reoMeTpun puCyHKa CIIEAYyIOT COOTHOLLIEHHUS:
I,=Icosp=U-G, I,=Isinp=U"-B, I=1/Iaz+lp2 =U-Y.

TpeyroabHuK, cocTaBIeHHbIH U3 BeKTOpoB I, la, I,, moayunn Ha3BaHME
TPEYTOJbHUKA TOKOB (PUCYHOK 53a).

Ecnu cTopoHbl TpeyroibHUKa TOKOB pa3efiuTh Ha HampsbkeHue U, To
MOJIYYUTCS] HOBBIN TPEYTOJIbHUK, MOJOOHBIA UCXOAHOMY, HO CTOPOHAMH KOTOPOTO
SBJISIFOTCSL IPOBOJIMMOCTHU:  MOJdHas — Y, akTuBHas —G, peakTuBHAsI — B (pUCYHOK
536). TpeyrompHuk co cTtopoHamu Y, G, B Ha3pIBaeTCsi TPEyrOIbHUKOM
npoBoauMoOCTeEN. M3 TpeyrojJbHUKA MPOBOAMMOCTEN CIEAYIOT COOTHOILICHUS:

. B
G=Ycosp, B=Ysinp, Y=VG*+B*, ¢ =arcig .

Paznoxenue HaHp}DKeHI/Iﬁ M TOKOB Ha aKTUBHBIC 1 PCAKTUBHBIC COCTABJIAIOIIHNC
ABJSICTCA MAaTCMATUYCCKUM ITPUCMOM U IPUMCHACTCA Ha IMPAKTHUKEC AJIA pacucTa
CPAaBHHUTCIIbHO HCCIIOKHBIX ueneﬁ INEPEMCHHOI'O TOKaA.

3.10 Ilepenaya 3Hepruu OT AKTUBHOIO IBYXIIOJKCHUKA (MCTOYHUKA) K
MACCHUBHOMY JIBYXIIOJIFOCHUKY (MIPHUEMHUKY)

JIByXIOJIIOCHUKOM HAa3bIBAETCS YCTPOMCTBO MJIM YacTh CXEMbI (LIETH) C
JIByMsi BbIBOAaMu (moirocamu). Eciu BHYTpU JABYXITOJIOCHUKA COJIEpKaTCA
VMCTOYHHUKHU DHEPTrUH, TO OH HA3bIBAETCS aKTUBHBIM (A), B MPOTUBHOM Ciy4ae —
naccuBHbIM (I1).

DHEpPreTUYeCcKue XapakTePUCTUKU TEpeayd DSHEPruv OT aKTHUBHOIO
JBYXIIOJIFOCHHKA (MCTOYHHMKA) K MAaCCUBHOMY JBYXIIOJIOCHUKY (IIPUEMHHKY) Ha
MEPEMEHHOM TOKE 3aBUCAT OT COOTHOILICHUS TapaMETPOB MPUEMHUKA U UCTOUHHKA
MeXIy cobol (pucyHOK 54).

R, X
1 1 z}
L 1 L

M |

Pucynox 54
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1o 3akoHy OMa TOK B CXEM€E paBEeH:

=L d

7 JR AR+ (X, + X,

AKTuBHas MOIIHOCTH ITPUCMHUKA!

2
]32:]2.R2: lf e 2.
(R +R)" +(X,+X,)

AKTHUBHAsI MOIITHOCTh UCTOYHUKA: Pr=FE-I.
[Ipr mOCTOAHHBIX MapaMeTpax UCTOYHUKA DHEPTUHM AKTUBHAS MOIIHOCTH

NpUEMHHKA 3aBUCHT OT ero mapamerpoB: P, = f(R,,X,). Hccnemyem 531y

GYHKIIUIO HA MAKCUMYM TIPA U3MEHEHUHU OT/AEIBbHBIX IMapaMeTPOB.
Ycnosue nepBoe:X, = var, R,=const:

dP
=0, = —ER,Q2X,+2X))=0 ymu X, =—X,.
dx,

MakcuMyM MOIHOCTH HpHeMHHKa 1D, H¥MEeT MecTo IIpU YCIOBUH

PaBEHCTBA PEAKTUBHBIX COMPOTHUBJICHUN MPUEMHHUKA U WCTOYHHMKA MO MOIYIIO U
MPOTUBOMOJIOKHOCTA MX MO 3HAKY, HAIPUMEP, €CJIM PEAKTUBHOE COMPOTUBIICHUE
MCTOYHUKA HOCUT WHAYKTHUBHBIM XapakTep, TO PEAKTUBHOE COIMPOTUBJICHUE
MPUEMHHKA JIOJDKHO ObITh EMKOCTHBIM, U1 HA00OPOT.
¥YcaoBue BTopoe: R, = var, X, = const.
P,
j—}izo, = E’(R+R,)’-E’R,QR +2R,)=0 ym R, =R,.
MakcuMyM MOIIIHOCTH MTPUEMHHKA UMEET MECTO ITPU PABEHCTBE aKTUBHBIX
COIPOTHUBJICHUI MPUEMHHUKA U UCTOYHHUKA.
AOCOTIOTHBIA MaKCUMyM MOITHOCTH TPUEMHHUKA HaOII0JaeTcs IpH
BBITIOJITHEHUH 00OUX YCIIOBUH U PaBEH:
p o~ BR E’
2max 2 .
(R +R,)” 4R
B pexumMe makcumyma motpediasieMol MOIIHOCTH paboTarOT MPUEMHUKHA B
JIUHUSX CBS3H.
KoadduimeHnt mose3Horo AeWCTBUS Tepeaayd SHEPruu OT MCTOYHHMKA K
L__ R’

])1 _R1+R2

IIPUCMHUKY pPaBCH OTHOIICHHUIO AKTHBHBLIX MOILIHOCTEH n= H HE

3aBUCHUT OT BEJIMYMHBI UX PEAKTUBHBIX CONPOTHUBIICHUN.

B pexume aOcomoTHOr0o MakcuMyma MOIIHOCTH mpueMHuka KIIJI
coctapisieT Tosbko 0,5. Jlunum snextponepenaun (JIDII) padoraror ¢ KIIJ 77 =
0,90+0,95, 4YTO COOTBETCTBYET COOTHOUICHHIO AKTUBHBIX COINPOTHUBJICHUM
IpUEeMHHKa U ucTouHuka (reneparopa + JIDII) R,/R;=10+20.

Ha rpajpuueckoit nmarpamMMe pucCyHKa 55 TMOKa3aHbl 3HEPreTUUYECKHUe
XapaKTEPUCTHKH TIEpeaaun dSHEpTuu ipu Ry= var, Xo=const: P,, 1= f(R,).
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P n

0.5

Rz

Ry =Ry

Pucynok 55
3.11 KomneHcanusi peakTUBHO MOIIHOCTH NMPUEMHUKOB YHEPTUU

AKTHBHAasi MOITHOCTh ITpueMHuKa P=UIcos @ xapakTepru3yeT HHTEHCUBHOCTh
NOTpeOICHUS] UM YHEPTUHU U 3aBUCHUT OT PEKHUMA €ro pabOThI.

PeakTuBHas MoiHOCTh IpreMHuKa Q=Ulsing xapakTepu3yeT MHTEHCUB-
HOCTh OOMEHA »JHEprueld MeXAy OJJICKTPOMATHUTHBIM TIOJIEM NPHEMHUKA U
OCTaJIbHOM IIENbI0. DTa MOIIHOCTh MOJIOXKUTEIbHA MPU UHAYKTUBHOM XapakTepe
npuemHuka (@ >0) u oTpulateIbHa TPU EMKOCTHOM Xapaktepe (¢ <0). B
MPOMBIIIUICHHBIX YCIOBUAX Mpeobiaatoniee OOJBIINHCTBO MPUEMHUKOB HUMEIOT
AKTUBHO-MHIYKTUBHBIA xapaktep (@ >0) W MOTpeONSIOT TOJIO0XKUTECIBHYIO

peaktuBHYI0  MomHocTh O, >0. IlapamienpbHoe MOAKIIOYEHHE K  TaKHM

MPUEMHUKAM KOHJICHCATOPOB, MOTPEOJSIOMNUX OTPUIIATEIBLHYI0 PEaKTUBHYIO
MOIIHOCTh O, <0 U, TakuM 00pa3oM, SIBJISAIOIIUXCS TeHEepaTopaMu PeaKkTUBHOU

MOIITHOCTH IS TNPUEMHUKOB, TIO3BOJISIET YMEHBIIUTh (KOMIIEHCUPOBATH)
CYMMapHYI0 PEAKTUBHYIO MOIIHOCT: 0= QL — QC )

Komniencanusi peakTHBHOM MOIIHOCTH MO3BOJISIET ITPU HEU3MEHHOU
AKTUBHOW MOIITHOCTH YMEHBIITUTH MOTPEOISIEMBIN OT CETH TOK:

P (0, -0, )
o |

Cxema 11enu B pekMMe KOMIIEHCAIMU PEaKTUBHOM MOIIHOCTHU MOKa3aHa Ha
pucyske 56.

I =

.'1 Rn xn
{in R i Ir l
U1 UE — C
X

Pucynoxk 56
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[Ipn yBenMueHWHM EMKOCTH KOMIEHCHpyomero konaeHcaropa C
IPOMOPLUOHATIEHO OyNeT yBEeNU4YHMBaThCS MOTpedisiembld uM 1ok I, =U, -wC.
Tok nMHWM, paBHBI F€OMETPUYECKON CyMME TOKOB Harpy3ku M KOHAeHcaTopa (
I,=1,+1.), BHauane Oyaer ymeHbmarbcs (npu O;>Qc), JOCTHTHET CBOETO
MUHUMAJIBHOTO 3HAYEHUS TpPU TOJHONM KOMIIEHCAIIMM PEAKTUBHON MOIIHOCTU

I in =1, =1,c08¢, aszarem nauner Bospacrath mpu Oc> O, (pUcyHOK 57).
+1

3 U7
II:I'H

(
[

!

I
4

jlff

e

o

+ ‘ & 4 —
I I I

Pucynok 57

N3 reomeTpun (pucyHOK 57) ciieyeT COOTHOIICHHE:

! ! P !
I.=1tgp,—1tgp, = E(tg% —1g29,).

Tort ke Tok n3 3akona Oma:

' U '
IC :X—ZZUz'C{)C .

C
N3 coBMECTHOTO peIlIeHUs 3TUX JBYX YpaBHEHUH BhITeKaeT Gopmyra JJis
pacu€ra EMKOCTH KOMIIEHCUPYIOILLIETO YCTPOMCTBA OT MEPBOHAYAIBHOIO 3HAYCHUS
tg@, 10 3a7aHHOTO tg @) :

. P-10° ,
C ZW(@%—%%) [MKD].

ConporuBnenne Bo3aywHbiX JIOII  HOCHT  aKTUBHO-WHAYKTHUBHBIN
XapaKTep C CYIIECTBEHHBbIM MpPe00siaJaHueM PpPEaKTUBHOTO CONPOTUBIEHUS (X
>>R)), M0TOMY MajeHHe HampskeHus B duHuH Up= I(R;+jX;) moutd Ha 90
onepekaer Tok. Ha pucyHke 58 nokazaHo ceMeCcTBO BEKTOPHBIX AMArpaMM TOKOB
Y HANpPsOKEHUW Uil pa3HbIX 3HAYEHHM KOMIIEHCHpyrouleil emkoctd C=var npu
MIOCTOSIHHOM 3HAYE€HUU HAINPSKEHUS B Hadale TuHuu U | = const .

N3 ananuza cemelicTBa BEKTOPHBIX AUAarpaMM PUCYHKa 58 clienyer, 4To
YBEJIMYEHUE CTENEHU KOMIIEHCAMM PEAKTUBHOM  MOIIHOCTH  MOBBIIIAET
HanpspKeHUue Ha  BeIBogax Harpysku (UL''>UL'>U,'), mpu sTOM  moteps
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HanpsbkeHus B smHuuM AU = U; — U, ymenbmaerca. Ha npaktuke ykasaHHas
¢yHkuoHanpHas 3aBucuMocTh U, = f(C) wucnonwp3yeTcss A MNOAJEp/KaHUs
3aJJaHHOTO YPOBHSI HANpsDKEHUs Ha BbIBOJAX (IIMHAX) Harpy3ku U,=constnpu
U3MECHEHUU €€ 1apaMeTPOB.

1 1, gy
u 7 ur U
Ill‘l‘ I1fff
+ — + -
a) 6) B)
Pucynox 58

Takum 00pazoMm, MOCPEACTBOM KOMIIEHCALIMK PEAKTUBHON MOIIHOCTH Ha-
IPY3KHM B DHEPrOCUCTEME pEIIAIOTCS JBE BAXHBIE TEXHUKO-JKOHOMHUYECKHE
3amauyd. Bo-mepBBIX, 3TO YMEHBIIEHWE MOTEPh MOIMHOCTH B JIMHUU DJIEK-

2
tponiepenaun (P, = I°R ;) u nossimenue ee KIIJ[ BcaeacTBre yMEHbBIICHUS
TOKa. BO-BTOpBIX, C MOMOIIBIO PETYIUPYEMBbIX KOMIIEHCUPYIOIIUX YCTPONCTB
OCYILECTBJISICTCA YIpaBJICHUE HANpsSOKEHUEM B KOHIIE JIMHUM Ha BBIBOJAAX

Harpy3ku, MnmogacpKaHue €ro Ha 3alaHHOM HOMHHAJIBHOM YPOBHC IIPpHU U3MCHCHUU
HOTp€6HHCMOI>’I MOIIHOCTHU B IIMPOKOM JHAITA30HC.

4 Pe30HaHC B JIEKTPUYECKHUX IEMAX

4.1 Onpenesienne pe3oHaAHCA

B oanekrpuueckon nenu, coaepiKamled KaTyIIKd WHIYKTHUBHOCTH L W
KoHJieHcaTopbl C, BO3MOXXHBI CBOOOJHBIC TAPMOHHMYECKHE KOJICOAHUS SHEPTUU

Li’
MG)KI[y MAromTHBIM ITIOJIEM KaTYH_IKI/I WM = T u BJICKTpI/I‘-I€CKI/IM IT10JIEM

Cu’
KoHaeHcaTopa W, ZT. VrioBasg 4acTtoTa 3THX KOJIEOaHHMH @), Ha3bIBAEMBIX

CBOOOJHBIMU WJIM COOCTBEHHBIMH, OIpPECIAETCS CTPYKTYpOW IIENMU M IapaMeT-
paMu ee OTJEeNbHBIX 3JeMeHTOB R, L ,C.

Pe3oHaHCHBIM pEXUMOM 1IN WM TPOCTO PE30HAHCOM Ha3bhIBAETCS
SBJICHUE YBEJIIMUYCHHS aMIUIUTYbl TAPMOHUYECKUX KOJICOAHUN SHEPruu B LICTIH,
Ha0JI10/1aeMOe TIPH COBIAJICHUM YaCTOThI COOCTBEHHBIX KOJIEOAHUN @, C 4aCTOTOU
BBIHYKJIEHHBIX KOJIEOAHUHN @, COOOIIAEMBIX €T UCTOYHUKOM SHEPTHH (@, = ®).
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B pe3oHancHOM pexuMe KOJIeOaHWs JSHEPruu MEXAYy MAarHUTHBIM |
ANEKTPUYECKUM TIOJISIMUA 3aMBIKAIOTCS BHYTPU II€MH, OOMEH DJHEPrue Mexmy
HMCTOYHUKOM M IIENBIO OTCYTCTBYET, a BCS IMOCTYMAloIiasi OT UCTOYHUKA dHEPTrus
npeobpa3yeTcss B JPyrue BUJIBI, T.€. DJIGKTpUYECKass IIeMb MO OTHOIIEHUIO K
HMCTOYHUKY DHEPTUU BeJIeT ce0sl KaK YUCTO aKTUBHOE CONPOTHUBIICHUE R (aKTUBHAs
npoBoauMOCTh (). Ha 3TOM OCHOBaHUHM YCIIOBHE Il PE30HAHCHOIO pPEXKUMA
MOXHO C(hOPMYJIUPOBAaTh Yepe3 IMapaMeTphbl 3JEMEHTOB CXEMbl, a HMMEHHO:
BXOJHO€ COIMPOTUBICHUE U, COOTBETCTBEHHO, BXOJHAas MPOBOJUMOCTb CXEMBI CO
CTOPOHBI BBIBOJIOB KMCTOYHHMKA JHEPTUM JOJDKHA HOCUTH YHUCTO AKTHUBHBIN
XapakTeP: Zp=Rux; Yex=Gax; Xpx=0; By =0; wim B xomruiekcHou popme:Im[Z,,]=0,
Im[Y;«]=0.

4.2 Pe3oHaHC HANIPSKEHU I
Pe3oHaHC B 11eNM € 110C/IEA0BATENbHBIM COEIMHEHNEM UCTOYHUKA YHEPTUU U

pPEaKTUBHBIX A1eMEHTOB L 1 C MOoJydwl Ha3BaHUE pe3oHaHca HanpspkeHui. [Ipo-
cTeias cxema Takoi 1enu NoKa3aHa Ha pUCyHke 59.

i R i C
::l_/"\m
Ug u, Ue
e C) u
Pucynoxk 59

KOMILIEKCHOE BXOJHOE COIPOTUBIICHUE CXEMEL: Z ,, = R+ (X L —X¢ ) =R.
VYcnoBue pesonanca Hanpstkenuit: X,= X; — Xc =0 wumm oL _a)l_C:O ,
1
OTKyJa wo—ﬁ —pe30HaHCHas WJIK COOCTBEHHAs 4acToTa.

W3 mosyd4eHHOro paBeHCTBA CJEAYET, YTO PE30HAHCHOIO pEeXUMa B ILIEMH
MOXXHO JIOCTUYh HM3MEHEHHEM TNapamMeTpoB ayieMeHTOB L u C WU YacTOThI
UCTOYHHKA (.

B pe3oHaHcHOM peXuMe MOJHOE COMNPOTUBICHHE CXEMbl HMEET
MUHHUMAJIbHOE 3HAYEHUE U PABHO AKTUBHOMY CONPOTUBJICHUIO:

2 2 _
Z=\JR +(X,-X_.)Y =R,
a TOK MaKCHMAaJICH U COBMaJaeT Mo ¢ase ¢ HanpsukeHueM uctounuka:/=FE/R;p= 0.
BekTopHas 1uarpamma Hanps>KEHHM M TOKa MoKa3aHa Ha pucyHke 60.
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Pucynoxk 60
Harnpsixenusi Ha peakKTUBHBIX 3JEMEHTaX PaBHBI MO MOAYJIO, MPOTUBOIMO-
JIOKHBI TT0 (pa3e U B3aMMHO KOMIEHCUPYIOT JPYT ApyTa:

X : X
U, =liX, =jU"2s Ue=1(= jXc)==jU=,
a HaIPsDKEHUE HA PE3UCTOPE PABHO HANPSKEHUIO UCTOUHUKA: Ur=IR=U=E

X X
L C
Hanpspkenns Ha peakTUBHBIX nemenTtax U, =U . =U = U >
MOT'YT 3HAYHUTEIILHO MPEBOCXOAUTH HANpsyKeHHe UCTouHMKa U = E NpU YCIIOBHH,
uyTo X;=X>>R.
BbISSCHUM ~ JHEpreTHYECKHE IMPOIECChl, IMPOTEKAIOIIUe B IEMUd B
pe3oHaHCHOM pexkume. IlycTh B Iienmd IpoTekaeT TOK i =I[,sina¥, Torma

HaIpsKCHUE Ha KOHACHCATOPEC COCTABUT!

uc:Lji-dtzicoswt:Lcoswtzl £cosa)z‘
C oC 1 C "NcC '

JLc

CyMMa 3Hepruil MAarHUTHOTO U 3JIEKTPUYECKOTO MOJIEN paBHA:
2 2 2 2
W=Ww,+W, = L + Cu’ _L, sin’ a)t+C£Im2 cos’ wt = L, _ const
2 2 2 C
Takum oOpa3zom, cymMMa PHEPrMil MarHUTHOTO W 3JEKTPUUECKOIO IOJIEH
paBHa IIOCTOSHHOMY 3HA4€HUIO. OJTO 3HAYMUT, 4YTO MEXKIY MAarHUTHBIM W
AIIEKTPUYECKUM TOJISIMU MIPOUCXOIUT HEMPEPHIBHBIN OOMEH dHEpruei, CyMMapHOe
3HaYeHHE KOTOPOU MOCTOSHHO, @ OOMEH JHEpruell MeXay MCTOYHUKOM U LEMbIO
OTCYTCTBYET, MPU ATOM MOCTyMHArOIIasi OT UCTOYHHMKA SHEPTus Mpeodpasyercs B
JPYTU€ BULBL..
DJeKTpUYecKasl IEMb ¢ MOCIEI0BATEIbHBIM COCIMHEHUEM 3JIEMEHTOB R, L,
C B TeXHUKE IMOJy4YMJia HA3BaHHE MOCJIEI0BATEIILHOTO KOJIe0aTeIbHOIO KOHTYpa.
CBolicTBa Takol IENM KaK KOJeOaTeIbHOr0 KOHTYpa XapaKTepU3YIOT CIEAYIOLne

1 1 L
HapaMeTpbl: @, = ———= —pPE€30HaHCHAsA 4aCTOTa, 0= a)OL =——=_,/——BOJHOBOC CO-

NLC o,C

_P
nportusieHue, 9 = r —100pOTHOCTHKOHTYDA.

Yem Oouibliie 1OOPOTHOCTH KOHTYpa (J, TEM BbIpA3UTENIbHEE MPOSBIISIIOTCS B
HEM PE30HAHCHBIC SBJICHUS, HAIPUMEP, HANIPSIKEHUSI HA PEAKTUBHBIX JJIEMEHTAaX
Oonblie HanpspKeHus: ucrounuka B O pas: U, = Uc= UQ.
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[Ipy wu3MeHeHWHM 4YacTOThl HUCTOYHMKA @ = var OyayT HM3MEHAThCA
COIPOTHBIICHUS PEAKTUBHBIX IEMEHTOB U, KaK CIEJCTBUE, OyAyT U3MEHATHCS TOK
B LIETIM ¥ HAIIPSDKEHUsSI HA OTJEJIBbHBIX YYaCTKax.

YacTOTHBIMM  XapaKTEpPUCTUKAMU KOHTYpa Ha3bIBalOTCS 3aBUCHUMOCTH

o 1
COITPOTUBIIEHUN OTIEJIBHBIX 3JIEMEHTOB M YYaCTKOB OT 4acTOThl X;=wl, X¢ :_C
w

X=X, —Xc, Z=\/R+(XL+XC)2 (pucyHok61).

w/m,

Pucynok 61

Pe3oHaHCHBIMEU XapaKTepUCTUKAMHU HA3bIBAIOTCS 3aBHCHUMOCTH PEKUMHBIX
napameTpoB oT 4actoTel: U;, Ug, I, ¢ = f{w)(pucyHoK62).
[Tomoco¥i mpomyckaHus pe30HAHCHOTO KOHTYypa Ha3bIBAIOT 00JIACTH YacCTOT

Aw= @—@,, Ha TpaHULAX KOTOpOM TOK [ B V2 pa3 MEHBIIE CBOErO
MakcuMalibHOro 3HadeHus, T.€¢/=0,7071,,. Ilosoca mnpomyckanuss KOHTypa

o0paTHO MPONOpPLUHOHATIbHA €ro J0OPOTHOCTH: Aa):é. Ha pucynke63 B

OTHOCHTCJIBHBIX CANHUIIaX npcaACTAaBJICHO CEMEMCTBO PC30HaHCHBIX
XApaKTCPUCTUK C PA3JINIHBIMH 3HAYCHUAMUA I[O6pOTHOCTI/I.
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1
0,707 =1
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=10
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Pucynox 63

[IpakTHdeckoe NPUMEHEHHE PE30HAHC HAMPSDKEHUH HAaXOOUT B 00JacTH
PAIUOTEXHUKH W TEXHUKHU CBSA3U. B JIIEKTPOIHEPreTHKE SIBICHUE pPE30HAHCA
HaIIpSDKEHUM M3-3a CONYTCTBYIOIIMX €MY IIEPEHANpPSKEHUN MOMKET IPUBECTU K
HEXKEJIaTeIbHBIM MTOCIEACTBHUAM. Hanprumep, Ipu MOAKIIOUEHUN K T€HEPATOPY WIH
TpaHcpopmaropy KaOEIbHOM JIMHUM, HE 3aMKHYTOM Ha INPUEMHOM KOHIE Ha
Harpy3ky (B peKHMe XOJIOCTOrO X0Ja), BCS LIENb MOXKET OKa3aThCsl B PE30HAHCOM
peXuMe, IPU ITOM HAIPSHKEHUS Ha OTACIBHBIX Y4acTKax LENU MOTYT MOSBUTHCS
BBICOKHE HAIIPSKCHUS.

4.3 Pe3oHaHC TOKOB
Pe3onaHC B 11enu ¢ napasuiebHbIM COEIMHEHHEM HCTOYHUKA SHEPTUU U
pEeakTUBHBIX 3JIEMEHTOB L 1 C Mojay4ns Ha3BaHHE pe30HaHca TOKOB. IIpocreiimas

CXeMa TaKoM 1enu MoKa3aHa Ha pUCyHKe 64.
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Pucynoxk 64

KoMIIeKcHast BXO{Has IPOBOMMOCTb CXEMBI:
Yo = G_j(BL +Bc):G
1
Ycnosue pesonanca Tokos: B, =B, —B. =0 um —L—a)C =0, orxyma
@
— (cobetsetan)
@, = ——= — pe30HaHCHas (COOCTBEHHAs) YACTOTA.
LC

U3 IMNOJIYYCHHOI'O paBCHCTBA CJICAYCT, 4YTO PC30OHAHCHOIO PCKHMMaA B LCIIN
MOXXHO JOCTHYb UBMCHCHHUCM IIApaAMCTPOB 3JICMCHTOB L wn C unm 49acToThl UCTOY-
HHUKaA .

B PE30HAHCHOM PEKHUMC II0JIHAd IIPOBOAUMMOCTb CXCEMbI paBHaA AKTUBHOM

2 2
IPOBOJUMOCTH U UMEET MUHUMAJIbHOE 3HaueHue: Y = \/ G + (BL — BC) =G, a

TOK MUCTOYHMKA TaKK€ MHUHHUMAJIEH U COBIaJaeT 1no ¢asze ¢ HanpsKeHUEeM
ucrounuka (o= 0): I =UY = UG.

Toku B BETBSIX ¢ peakTUBHbIMU ieMeHTaMu [;,=U(—jB;), I =U(jB¢) paBHBbI
0 MOJYJII0, MPOTUBOMNOJOXKHBI 10 (Pa3e U KOMIEHCUPYIOT JIpYyr Apyra, a TOK B
pesucrtope G paBeH TOKy uctouHuka (/=[;=UG). PaBHBIE 110 MOAYJIIO TOKH B
PEaKTUBHBIX AEMEHTaxX [; = /¢ MOTYT 3HAYUTEIBHO MPEBOCXOAUTH TOK HCTOYHHKA
I ipu ycnoBuu, uto B;=B>>G .

BekropHas quarpaMMa TOKOB M HAIIPSKEHU MMOKa3aHa Ha PUCYHKE 65.

DJIeKTpUYECKasl LUEMb C MapaiebHbIM COEAUHEHHEM 31eMEHTOB G, L u C B
TEXHHMKE TIOJyYnJIa Ha3BaHUE MapajuieTbHOro KojiebarensHoro Koutypa. CBoiicTBa
TAaKOM 1€MW Kak KoJeOaTeNbHOTO KOHTYypa XapaKTepHU3ylOT CIEIyIOIIHe

1 1 C

napamMerpsl: @ :—«/ﬁ — pe3oHaHCHas dYacTtota;, /= ol =w,C = 7"
0

/4

BOJIHOBAs MPOBOAUMOCTb; 0= E — I0OpPOTHOCTH KOHTYpA.
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Pucynox 66

Pe3oHaHcHBIE XapaKTEpUCTUKU MapajuieNIbHOrO KOHTYpa MpPEACTaBICHbl Ha
pUCYHKEO0.

Pe3oHaHc TOKOB HAaXOJUT IIMPOKOE MPUMEHEHHE B 00JIACTU PAIUOTEXHUKHU
U TEXHUKH CBsI3U. B anekTposHepreTuke KOMIIEHCAlUs PEaKTUBHOM MOIIHOCTH Ha
OPOMBIIUICHHBIX ~MPEANPUITHSIX C T[OMONIBIONAPAIIIETBHOTO  MOIKIIOUYEHHUS
KOHJIEHCATOPHBIX OaTapel, 1o CyTH Jena, MpeACTaBiIsieT co00i MeponpusThe, mpu
KOTOPOM TaK»K€ JOCTUIaeTCsl PE30HAHC TOKOB.

4.4 Pe30HAHC B CJ0KHBIX CXeMax

CxeMbl 3aMeIIeHUsT PEATbHBIX JJIEKTPUYCCKUX IIeTIe MOTYT CYyIIECTBEHHO
OTJIMYATBCA OT PACCMOTPEHHBIX BBINIE MPOCTCUIUX TIOCIEIOBATEIHPHON WIIN
napajuleIbHOM cXeM. XOTS YCIIOBHE PE30HAHCHOTO pexuma B o0meM Buae |
Im(Z,,)=0 u Im(Y,,)=0 ] nna nro0oit cxeMbl COXpaHSAETCs, OJHAKO KOHKPETHOE
Collep’)KaHWE JTUX YpaBHEHHUU OyAeT ONpeAensiThCS CTPYKTYpPOH CXEMBI 3ame-
ICHMS.

Ha pucyHnke 67 mpuBeneHa SKBUBaJCHTHAs CXeMa IapayljielIbHOTO
KOHTYpa, B KOTOpPOH peanbHble 3JIEMEHTHl Ilenu (KaTyllka W KOHJIEHCATOp)
MIPEICTABJICHBI TIOCIIECIOBATEIHHBIMUA CXEMaMU 3aMETICHHUS.
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BXOI[Ha}I KOMINJICKCHAs IMPOBOAUMOCTDb CXCMBbI:
1 R R X, X,

PR R \ReXp R \Rex REx) T
YcnoBue pe3oHaHca:
1 2
B _ X, X o 2a)L __ wC -
PTR+X. R+x> "M R +(el)  , (1
R; + o
0,

OTnuune JaHHOTO YCIOBHUS PE30HAHCA OT aHAJIOIMYHOIO YCJIOBHS JUIS MPO-
CTEeHIIe CXeMbl pHCyHKa 64 COCTOMT B TOM, 4YTO B OTOM YpPaBHECHUHU
IIPUCYTCTBYIOT ITAPAMETPhI AKTUBHBIX 3JIEMEHTOB R U R,.

AHanu3 IOJy4YEHHOIO YpaBHEHHs IIOKA3bIBAECT, YTO IIPU H3MECHECHUU
[IapaMEeTPOB OJHOTO M3 DJJIEMEHTOB CXEMbl BO3MOKHBI DPa3jU4HbIC BapHAHTHI
peuieHus.

IIpr n3MeHeHMM COnpOTHBIEHMHM R; W R, BO3MOXHBI JBa BapHUaHTA
pemieHus:  l)cymiecTByeT OJHAa TO4YKa pe30oHaHca (KOPHM  ypaBHEHUS
BEILLECTBEHHBIE; OJINH MOJIOKUTENIbHBIN, a APYroll OTPULIATEIbHBIN); 2)pE30HAHC B
CXEME HEBO3MOXKEH (KOPHU YPaBHEHUS] KOMIUJIEKCHBIE).

[Ipy w3MeHeHMM HHAYKTUBHOCTH L wuinu eMKOCTH C BO3MOXHBI TpH
BapuaHTa pelieHus: |)CylecTByeT IBE TOYKM pEe30HaHCAa (KOPHU YpaBHEHUS
BELIECTBEHHbIE M 00a IOJIOKUTEIbHBIE); 2)CYIIECTBYET OJHA TOUYKAa PE30HAHCA
(KOpHU ypaBHEHHUS PaBHBIE U MOJOXKUTENBHBIE); 3)PE30HAHC B CXEME HEBO3MOKEH
(KOpHU ypaBHEHUSI KOMIIJIEKCHBIE).

Pemast ypaBHeHHE pe30HAHCA OTHOCUTENIBHO YACTOTHI, ITOITYYUM:
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AHanu3 3TOr0 ypaBHEHUs ITOKA3bIBAET, YTO NpuU R; = R, pe30HaHCHAas

_ | L ., .,
qacToTa UMEET BLIpa}KCHI/IC C()O - \/R , a l'IpI/I E = R1 = R2 I nonyqaeTc;I

HEOIPEICNICHHOE pPeIIeHHe, 4TO (DU3MYEeCKH O3Ha4YaeT PE30HAHCHBIN pPEXUM Ha
J1F0001 4acToTe.

Ha pucynke 68 mpuBeneHa cxema IOCIIEI0OBATSIbHOTO KOHTYpa, B KOTOPOU
peaslbHbIC AJIEMEHTHI (KaTylmIka M KOHJICHCATOp) TMPEJCTABJICHBI Pa3IMYHBIMH
CXEeMaMH 3aMeEILEHHUs.

I R X

_..,I:I e — -

(D l

Pucynok 68
BXoaHO€ KOMITIEKCHOE COITPOTHUBIICHUE CXCMBI:
, R (- jX R X} . RX .
ZBX:R1+]XL+2(—.C): Rl+% +J XL_% =R, + jX,
, —JX¢ R, + X¢ R, + X¢

YcnoBue pe3oHaHca:

1 2
RIX Rzz(a)C)
X, =X, ——20¢ _0 el )

R22 + X é R22 N ( L jz
wC
AHann3 3TOT0 YpaBHEHUS TIOKA3bIBA€T HEOJHO3HAUYHYIO 3aBUCHUMOCTD
YCIIOBUS pe30HAHCa OT 3HAYCHHM MapaMeTpOB KaXkI0TO 3JIEMEHTa CXEMBI.
Ecnu crnoxHass cxema COJIEpKUT B CBOEM CTPYKType HECKOJIbKO (Oosee AByX)
Pa3HOPOIHBIX PEAKTUBHBIX JIEMEHTOB, TO MPU U3MEHEHUU YaCTOTHI B HEH MOTYT
HAOJI0/IaTHCSl HECKOJIBKO PE30HAHCHBIX PEKUMOB (KaK TOKa, TaK M HAIPSDKEHUA) B
3aBUCUMOCTH OT CTPYKTYPbI CXEMBI.

S MarHuTHOCBSI3aHHbIE YJICKTPUYECKHUE L enu

5.1 O0mue onpeaesieHust

Ecnau marauTHOE mosie, Co31aBacMo€e OJTHOM U3 KaTyIIEK, IEPECEKAET II0C-
KOCTh BHUTKOB (CLEIJIEHO C BHUTKaMH) BTOPOM KAaTyIIKH, TO TaKHE KaTYIIKU
IPUHATO HA3bIBaTh MArHUTHOCBSI3aHHBIMU (MHIYKTUBHOCBSI3aHHBIMH) (PHCYHOK

69a).
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Pucynox 69
@, — 4YacTh MarHUTHOTO MTOTOKA, CO3/[aBAEMOTO TOKOM 1, KOTOPBIi

CLICTUIEH TOJBKO C BUTKAMM KATYIIIKUA W.
@, — 4YacTb MarHUTHOIO IIOTOKA, CO3/1aBA€MOTI0 TOKOM ij, KOTOpPBII
CLEIUICH C BUTKaMU 00€HX KaTyllIeK (B3aUMHBIN MMOTOK).
@, = @y, + @, —CyMMapHBIN MATHUTHBIN MTOTOK, CO3aBAEMbIA TOKOM 1.
CoOCTBEHHON WHAYKTHBHOCTBIO KATYIIKA [ Ha3bIBAaCTCS OTHOIICHHUE €¢
COOCTBEHHOTO MOTOKOCIEIIIICHHUS K TOKY B HEM:
[ =0 _Pw
1 . .
L L
B3auMHON MHIYKTUBHOCTBIO M Ha3bIBAC€TCSl OTHOLICHUE B3aUMHOIO
MOTOKOCIETJIEHUS 2-i KaTyIIKU K TOKY B 1-i1 uiu Ha000poT:
D,w, D, w,
M = . = .
Ly Ly

CreneHb MarHMTHOM CBi3HU MCXKAY  KaTyllKaMHU  XapaKTCpPU3yCTCA

M
KO3()HUIIMEHTOM CBA3H: k., = —\/ﬁ , 3HAYCHHEC KOTOPOIr0 M3MCHSCTCA B IIpEaciax
12

or0 mo 1.

[Ipu npoTekaHUu OJHOBPEMEHHO MO 00EUM KaTyIIIKaM IMMOCTOSHHBIX TOKOB [}
U [, UX COOCTBEHHbIE M B3aMMHBIC MAarHUTHBIE IMOTOKM MOTYT COBIMAAaTh IO
HaIpaBJICHUIO (HAMpaBJICHbl COIVIACHO), W TOTJa IMPOUCXOJUT YCHUJICHHUE
MarHuTHOTO TIOJIsl, WJIM MOTYT HE COBIIaJIaTh (HAIpaBJE€Hbl BCTPEUYHO), TOT/IA
MIPOUCXOUT OCTA0JICHHEe MAarHUTHOTO 1MoJjIs. Eciu mpu BRIOpaHHBIX HANpPaBIICHUSX
TOKOB B KaTYIIKaX WX COOCTBEHHBIE M B3aWMHBIC MOTOKH COBIMANAIOT, TO TaKUE
HaIpPaBJICHUS TOKOB MPHUHATO HA3bIBaTh COTJACHBIMU (B MPOTUBHOM Clly4ae —
BCTPEUHbIMU).  BBIBOJBI  KaTyllleK, OTHOCHUTEIBHO  KOTOPBIX  COTIJIACHO
HaIpaBJICHHbIE TOKU OPUEHTUPOBAHBI OJMHAKOBO (HAmpuMep, OT BBIBOJA B
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KAaTyIIKy), Ha3bIBalOTCA OJAHOMMEHHBIMU WM OJHONOJIApHbIMU. Ha cxemax
ANIEKTPUUECKUX LIeNel OJHOMMEHHbIE BBIBOJBI  KaTylleK 0003HayaroTcs
OJIMHAKOBBIMM CUMBOJIbHBIMHM 3HAaKaMH (3BE3704YKa, TOUKA), a HATMYUE B3aUMHOMU
MAarHUTHOM CBSI3U — Jyrod co cTpesnkaMu Ha KoHmax (puc. 696). [lonspHocTh
BBIBOJIOB MAarHUTHOCBSA3aHHBIX KATYIIEK MOXKET ObITh OMpejiesieHa Ha OCHOBE Ipa-
BUJIa IPABOXOJIOBOIO BHUHTA, €CIM H3BECTHBI WX TIE€OMETPHUS W HAIpaBIICHHUE
HAaMOTKH, WIH IIyTEM SKCIIEPUMEHTAIBHBIX U3MEPEHHUIA.

[Ipy npoTekaHuM MO KaTyIIKaM IE€PEMEHHBIX CHHYCOHUJAJIbHBIX TOKOB

i =1,sin(wt+a,) wn i,=1, sin(@t+a,) B HAX [0 3aKOHY DJICKTPOMArHUTHOM

uHAyKIud OynyT HaBoauTbes oaHoBpemMeHHO JJIC camounaykimuu u IJIC
B3aMMHON MHIYKIMH, KOTOPHIE B CYMME YPAaBHOBECAT MPUJIOKEHHBIE K KaTylIKaM
HaNpsKSHUS:

di, di,
Uy = =€ — €, = Ly dt tM At — nuddepennunansuas popma
di ypaBHeHUi 2-ro 3akoHa Kupxroda,
1

di
Uy = =€ye05 ~ €y = Ly jiMd_
t t

U,=LjX,£1,jX, — KOMIUIEKCHasi popma ypaBHEHHI
U =1jX t1,jX 2-ro 3axoHa Kupxroda.

3nech 3HaK “+” ynoTpeOasieTcsl Ipy COrNIACHOM HaIlpaBJIC€HUU TOKOB B KaTyIIKaX,
a 3HaK “—” — MpU BCTPEUHOM HaIPABJICHUM.

5.2 IlocsienoBaTe/ibHOE COCAUHEHHE MATHUTHOCBSAI3AHHBIX KATYILIEK

[TycTh 1B€ MarHUTHOCBS3aHHBIE KAaTYWIKH (R, Li, R,, L,, M) coequHeHbI
nocienoBaTenabHo ¢ ucrounnkoM DJIC E (pucyHok 70).

Pucynox 70

HpI/I MMOCJICA0BATCIbHOM COCAMHCHHUU IIOJIOKUTCIIBHOC HAIIPABJICHUC TOKaA
BBI6I/Ipa€TC5I OJHOBPEMCHHO JJIA o0enx KaTyluCK, IIO3TOMY €I0 HaIlpaBJICHUC
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OTHOCHUTEITLHO OJHOWMEHHBIX BBIBOJIOB 3aBHUCHUT TOJIBKO OT CITOCO0A COCTUHEHUS
KaTyIIeK MeXy co0ol: a) corsacHoe (*) u 0) BcTpeuHoe ( o ).
[Ipu cormacHOM BKIIFOUCHHH COOCTBEHHBIC M B3aMMHBIC MAarHUTHBIC TTOTOKH

OyIoyT CKJIaIbIBaThbCs, @ MPU BCTPEYHOM — BbIYMTAThCA. [0 BTOpOMy 3aKOHY
Kupxroda:
: di di . di di _ndd
ety =iR + L= kM iR+ L M maddepennmranbaas Gopma,
t t t t

E=U,+U,=IR +1jX,t1jX,, +IR, +1jX,*1jX,, —KOMILJIEKCHas popma

3nech U gaiee 3HaK ‘“+’ COOTBETCTBYET COTJIACHOMY BKJIFOYEHMIO, @  3HAK
—BCTPEYHOMY.

KomniekcHOMY ypaBHEHHIO COOTBETCTBYIOT BEKTOPHBIE JUATPAMMBbI TOKa U
HaINpsoKeHU  (pUCYHOK 71a — Juisi COrlacHOTO BKIIFOYEHUS, PUCYHOK 710 — mid
BCTPEYHOI'O BKIIFOUEHUS).

N3 KOMIUIEKCHOTO YPaBHEHHUSI CIIETYET:

Y =(R1+R2)+j(X1+X2i2XM)=R3+jX3,

(132

z,==
I

rac
R =R +R,, X =X +X,+2X,,,
OTKyaa CJICAyCT, 4TO

X, =X +X,+2X,,, X, =X +X,-2X,

2c02 secmp

Pemast coBmecTHO MMOCJICAHUC YPABHCHUA, IIOJTYYHUM:

X = Xacoe _Xaecmp . _ Lacoe _Laecmp
M s 4
HXna HXG fiX |
(5 IR 1 ; 1%, iR, 1|
X HX L X,
F 1 IR HXM =L TR
E
a) 5)
Pucynox 71

[TomyueHnHnoe COOTHOIIIEHUE HCIIOJIB3YETCSA Ha MPAKTUKE TS
AKCIIEPUMEHTAIIBHOTO OMPEJCICHHUSI B3aUMHOTO PEAKTUBHOTO COMPOTHUBIIECHUS Xy
Y COOTBETCTBEHHO B3aWUMHOM WHIYKTUBHOCTH M. Jliiss 3TOro B L€NM COTJIACHO
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CXEMBbI pUCYHKa 72 (UKCHUPYIOT MOKA3aHUS TPEX U3MEPUTEIbHBIX MpuoopoB ( U,
I, @) npu cornacHoMm (1) u BCTpedHOM (2) BKJIIOUCHHH KaTYIIEK U MO MOKa3aHUSIM
pUOOPOB OMPEACIISIOT SKBUBAJICHTHBIE TTAPAMETPHI 1IETH:

Zl :ﬂej(/)l :R13 +jX3ng , ZZ :&ej(/’z :R23 +_]X

1 2
BonbiieMy 3HaueHnto X, COOTBETCTBYET COIIACHOE BKIIOUEHHUE, MEHBIIIEMY —
BCTPEYHOE.

26cm

Pucynox 72
5.3 CioxHasi nenb ¢ MATHUTHOCBSI3AHHBIMHU KaTyIIKAMH

B ciioxHO# 11enm MarHUTOCBSI3aHHBIE KATYIITKA MOTYT HAXOAUTHCS B JIFOOBIX
BETBsX. Tak KaKk HaNpaBJICHUS TOKOB B BETBSIX CXEMbI BEIOMPAIOTCS MPOU3BOJIHHO,
TO TOKH B BETBAX, COJEP)KALIUX MAarHUTHOCBSI3aHHBIE KaTYIIKH, MOTYT OBITh
HaIpaBJeHbl KaK COTJIACHO, TaK U BCTPEYHO.

PacueT TOKOB B CIIOXKHOM CXeME ¢ MAarHUTHOCBSI3aHHBIMU KaTyIIKaMU
POU3BOAMTCS, KaK IpaBuio, MeTogoM 3akoHOB Kupxroda. K pacuery Takmx
Henel HEMPUMEHUM METOJl Y3JIOBBIX IMOTEHIMAJIOB UM METOJ 3KBUBAJIEHTHOIO
reHeparopa. Y4eT BCEX CJIaraéMbIX B YpPaBHEHHUSX METOJa KOHTYpPHBIX TOKOB
JIOBOJIBHO CJIOYKEH, 110 3TOW MPUYKHE €T0 TAKXKE HE MPUMEHSIOT.

PaccmoTpum pacdeT cxembl HA KOHKPETHOM MPUMEpPE PUCYHOK 73:

I A

Z’] 2

Pucynox 73

Cucrema ypaBHenuit Kupxroga:

73



I+-1,-1,=0 (5.3.1)
I +£1jX1 +£2an1 +1,Z,=E (5-3-2)
IZ+1,jX,+1,jX,+1,Z,=E (5.3.3)

[Ipu cocrtaBienun ypaBHEHUH 1O BTOpoMy 3akoHy Kupxroda cremyer
coOiroAaTh MPaBUJIO TMOJSIPHOCTH TOKOB, @ MMEHHO, IMaJeHHE HampsHKEHUS OT
COOCTBEHHOT'O TOKAa BETBH Ha COOCTBEHHOM PEaKTUBHOM CONPOTHBICHUU (I1jX)) 1
NaJCHUE HaNpsDKEHHsT HAa B3aMMHOM pPEAKTUBHOM CONPOTUBIEHUU OT TOKa
cBs3aHHON BeTBU (1) X\) MIPUHUMAIOTCS OJHOTO 3HAaKa IMPH COTJIACHOM
HAIIpaBJICHUM OTUX TOKOB, M IPOTHBOIIOJIOKHOIO 3HAaKa IIPU BCTPEUYHOM
HaIpaBJIEHUH (B paccMaTpUBAEMOM IIPUMEPE TOKHU HAIIPABJIEHBI COIVIACHO).

Cnenmaem mnojacraHoBku I, = [-I; B ypaBHenue (5.3.2)ul, =1-1, B
ypaBHeHue (5.3.3), B pe3yJbTaTe N0JIy4luM HOBYIO CUCTEMY YPABHEHUM:

I=1,-1,=0
](Zl +UXM)+£(jX1 _jXM)+£1Z1 =E

Z,+1jX, )+ 1L,(jX, - jX\, )+ 1,Z,=E

HoBoii  cucteme  ypaBHEHMH  COOTBETCTBYET  HEKOTOpass  HOBas
HKBUBAJIEHTHAs cXxeMa 0€3 MAarHUTHBIX CBs3el (pUCYHOK 74):

”) £ XXy Xo Xy
.
Z, A
Pucynox 74

Ecnu BEeTBH ¢ MAarHUTHOCBSI3aHHBIMU KaTYIIIKaM MPUCOSANHEHBI K 00IIEeMY
y3JIy OJJHOUMCHHBIMH BBIBOJIaAMH, TO MAarHUTHAsI pa3Bsi3ka UMEET BU (PUCYHOK
75):
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X.l'l.ri‘

X‘] <:> 1 _x.l'l.-'i' 2 _x.l'l.ri'

Pucynok 75

ECJ'II/I BCTBU C MAIrHUTHOCBJA3AaHHBIMHA KaTYI_HKaM HpI/ICOCI[I/IHeHBI K O6I].[€My
y3JIy paSHOI/IMeHHBIMI/I BbIBOAAaMH, TO MarHuTHasd paSBHBKa HUMECT BU/ (pI/IC}’HOK
76):

X
TNy

<:> 1 +x.l'l.ri' ‘T-'_"LX.I'I.-‘?

Pucynok 76

3amMeHa UCXOHOM CXEMbl C MATHUTHOCBSI3aHHBIMU KAaTyIIKaMH 3KBHUBAJICHT-
HOM cxeMoil 0e3 MarHUTHBIX CBSI3€M HA3BIBAETCS Pa3BA3KOM MarHUTHBIX CBS3EH
WM MAarHATHOW pa3BA3KOW. MarnuTtHas pasBs3Ka DIEKTPUYECKHX CXEM
INPUMEHSETCA I yHpOIIEHWs MuX pacdera. llocie BBINOJIHEHUS MAarHAUTHOM
pa3Bs3KHU K pacyeTy CXeMbl IPUMEHUM JIFOOOH METO/ pacyeTa CIIOKHBIX CXEM.

5.4 JIuneiinbiii (0€3 cepaevHnKa) TpaHchopmMaTop

Cxema nuHeiHoro TpancopmaTopa COCTOUT U3 ABYX MAarHUTHOCBSI3AHHBIX
KaTyIlIeK, K OJHOM U3 KOTOPHIX (mepBuyHOM) moakiatouaercs uctounuk JJC E, a
KO BTOpOH (BTOPUYHOMN) — Harpy3ka Zy (pucyHok 77).

h L

—_—

*‘\XMJ* .
)E

X >

D Zy

)

R e

Pucynox 77
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VYpasuenus Kupxroda nmnst cxemsl TpanchopmaTopa B KOMIUIEKCHON (opme
UMEIOT BUJI:

1,jX -1,jX,, +1,R =E (5.4.1)
L X,-1jX,+1,R,+1,Z, =0 (5.4.2)

C menpl0 MarHUTHOW pa3BsI3KM CXeMbl J00aBUM B ypaBHeHue (5.4.1)
cnaraemsble ([jX)—1jX),), a B ypaBHenuu (5.4.2) — cnaraemsbie ([yjXy— LjXy), B
pe3yibTaTe MOJyUrM:

ll[Rl +j(X1 _XM)+jXM]_12jXM ZE
lz[Rz +j(X2 _XM)+ZZ]_11jXM =0

HoBble ypaBHEHUs SBIISIOTCS KOHTYPHBIMHU I HEKOTOPOM HOBOW 3KBHUBA-
JICHTHOM CXeMbl 0€3 MarHUTHBIX CBsI3eH (PUCYHOK 78):

R1 E—XM XZ! _XM

N [k

Pucynok 78

Takum oOpa3om, MarHUTHas pa3Bsa3Ka TpaHCcHOpMaTOpa UMEET BHUJL
(pucyHok 79):

L"\XM h

1

X=X Xy X

S Xor

Pucynox 79

Cnenmyer wuMeTh B  BHJAY, YTO MarHUTHasi pa3Bsi3Ka  SIBISETCS
MaTeMaTHYECKUM MPUEMOM, HAMPABJICHHBIM Ha YIIPOIICHUE pacueTa CXEMbI 1IETIH,
u (U3MYEeCKH HE BCerjga MOXET OBbITh 3aMEHEHa JJICKTPUYECKOM IIeTbIO.
Hanpumep, cxema pucyHka 79 MOXkeT OBbITh peajlu3oBaHa IENbI0 TOJBKO IMPHU
ycinoBun X;—Xy>0 u Xo—X>0.
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6 UccienoBanue pe:kuMoOB JJIEKTPUYECKHUX Ieneil MeTO0M BEKTOPHBIX
U KPYTrOBBIX IMarpaMm

6.1 YpaBHeHMe 1yrH OKPYKHOCTH B KOMIUIEKCHOM (hopme

[Ipu u3MeHeHUM mapaMeTpoOB OJHOTO M3 IJIEMEHTOB CJIOKHOW IIEMHU TOKH
BCEX BETBEW, HANPSHKEHHS HA BCEX JJIEMEHTaX M3MEHAIOTCS TaK, YTO KOHIIbI
BEKTOPOB 3THX BEJIWYMH OIKCBHIBAKOT JOYTH  HEKOTOPBIX OKpyxkHOcTe. Jliis
WCCJICIOBAHMS 3aBUCUMOCTH JIF000W BeKTOpHOM BennuuHbl (U, [) OT mepeMeHHOTO
rnapamerpa JOCTaTOYHO ONPENEIUTh JYI'y OKPYKHOCTH, IO KOTOPOW Iepe-
MEIIAETCA KOHEI A3TOr0 BEKTOpPA, APYTMMHU CJIOBAMH, HOCTPOUTH KPYTOBYIO
JarpaMmmy.

VYpaBHeHHE TyTU OKPYKHOCTH B KOMILIEKCHOM (pOpME UMEIOT BUL:

=M

1+ e
a
roe M = MP — HCCIIENYEMBIN BEKTOP,My— BEKTOP-XOpJa AYTU OKPYXKHOCTH, d =
const — MOCTOSTHHBIA KO3(PPUIIUEHT, | = const — MOCTOSTHHBIN yrod, n = var = (0
—00) — MEPEMEHHBIN TapameTp.
[TopsnoK MOCTPOEHUSA KPYTOBOM AMarpaMMBel 110 3aJaHHOMY YPaBHEHUIO:

M B MO = SefZO
I TN TR e
a -
+1
My
D'
/ ) JLILIL
>
My
Pucynok 80
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1) Ha xoMmuieKCHOM MI0CKOCTH B BBIOPAHHOM MacIITade 71,, OTKIAIbIBAIOT
BekTop My=5¢""— xopay ayru okpyxHocTH (prcyHOK 80).

2) Bnonp BekTopa-xopabl M, OT ero Haudajga B BBIOpaHHOM MmaciuTtabe m,
OTKJIaJBIBAIOT OTPE30K, PaBHBIN KO ULIUEHTY “a”.

3) U3 koH1a oTpe3ka “a” moj yriioM -y K BEKTOPY M, NpOBOIST JIMHUIO
INEPEMEHHOT0 MapameTpa (JI.ILI.), Ha KOTOPOW HAHOCAT Maciutad m,, NPUHATHINA
paHee Ju1s oTpe3ka “a’.

4) OnpenensaT NOJ0KEHUE EHTPA JyTU KaK TOUKY IIEpeceueHus AByX Iep-
NEHAMKYJISIPOB: MEPBBIN ITPOBOJAT UEpE3 CEPEUHY BEKTOpa-Xopasl My, a BTOpOH —
U3 Havajla KOOPAMHAT K JIMHUU [IEPEMEHHOT0 IapaMeTpa.

5) IlpoBoaar pabodyro Ayry mo Ty CTOPOHY OT BEKTOpa-xopabl M,, Tne
pacnoJsioKeHa JIMHUS IEPEMEHHOT0 ITapaMeTpa.

6) Boonp JAMHUM TOEPEeMEHHOrO0 TMapaMeTpa OTKIAAbIBAIOT TEKYyIee
3HAUYECHHUE TNapameTpa ‘“n” COEAMHSIOT TOYKY C HaydajioM BekTopa M, (Hayaiom
KOOPJIMHAT) W MPOAO/DKAIOT MNPAMYIO JIMHUIO JIO0 [E€pPEeCceYeHus ¢ Jyrou
OKpYXHOCTH. VICKOMBII BEKTOpP M COOTBETCTBYET OTPE3KY OT Hadaiga KOOpPIAUHAT
70 TOYKHU NEPECEUEHUs MPSAMOM JIMHUU C AYrOl OKPYKHOCTH, IPU 3TOM MOJIYJIb
BEKTOPA pPaBEH JJIMHE OTpe3Ka B Macitade m,,, a HadyajabHas (a3a BEeKTOpa — yrity
MEXIy BEIIECTBEHHON OChIO +1 M HAIIPBJICHHEM BEKTOPA.

Ha pucynke 80 moka3aHO ceMeMCTBO BEKTOpPOB M, NMOCTPOEHHBIX JIs

a3JIMYHBIX 3HAUEHUU nepeMeHHoro mapamerpa “n”” (n=0; 10; 20; 30).
9 b 5

6.2 Kpyrosasi imarpaMmma TOKa ¥ HaANpsizKeHU i Il 3JIEMEHTOB
MOCJIe0BATEJIbHOM Lenu

PaccmoTpum cxemy 1enu, COCTOSIIYIO U3 IMOCIENI0BATEIHLHO BKIIOUEHHBIX
ucroyHuka JJIC E u nacCUBHBIX 31EMEHTOB Z;,U Z, (pucyHok 81). 3agano, uto £
= Ed%=const, Z, = Z,¢”" = const, Z, = Z,¢”, tne gy=const, a Z, = var= 0<oo—
IIEPEMEHHBIN ITAPAMETP.

! Z Z>
- [
L
I ih U,
E
Pucynok 81

[IpeoOpazyem ypaBHeHue 3akoHa OMa I8 CXeMbl K BHIY MAYTd
OKPY’KHOCTHU B KOMIUIEKCHOH (opme:
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£
E Z, L

I: — = = k =

Z, . .
1+7zej(¢1 ¢2) 1+—e’¢
| Z, a

M,
n
rne M, = L= E/Z, — TOK KOPOTKOTO 3aMBIKaHHUs, COOTBETCTBYET BEKTOPY-XOPJE
IYyTH OKPYKHOCTHM, Z, = nm = var — IIEpEMEHHBIM napamerp, Z;= a = const—
NOCTOSIHHBIA KOA(DPUITUEHT, ¢r—@= W= const — MOCTOSHHBII YTOJI.
Takum oOpa3om, ypaBHeHHE i TOKa [ SABIAETCS ypaBHEHUEM AYTH
OKPY’KHOCTH.
HampsikeHue Ha mepBOM 2JIEMEHTE MPEJCTaBisieT cOOOM ypaBHEHUE AYTU
OKPY>KHOCTH:

QIZZ.ZIZ E.Zl = EZ = ZE .
Z1 +Zz 1+;2 1+72€j(rp27r/71)

~] 1
HampspkeHre Ha BTOpPOM 3JIeMEHTE NpPECTaBisieT cOOOW ypaBHEHHE IYTH
OKPY>KHOCTH:

E-Z E E E
Q2=£.22= = =2 = _Z = _Y = Y_
Z1 +Zz 1+;1 1+;2 1+72€_j((p2_¢1)
Zz Xl 1

Jns kaxpaoro u3 BektopoB I, Uy, U, MOXET OBITh TOCTPOCHA KPyTroBas aua-
rpaMma COTrJIaCHO IIOJYYEHHBIM YPAaBHEHHSIM W 110 HUM HCCIEJIOBaHA UX
3aBUCUMOCTB OT IEPEMEHHOTO MapameTpa n = Z,.

6.3 Kpyrosasi nmarpamma /1Jisi IpOM3BOJIbHOTO TOKA Y HANIPSKEHU I
B CJIOKHOM 1enu

[Iycth B cXeMe€ CIIOKHOM LENU U3MEHSETCS MapaMeTp COMPOTUBIICHUS B K-
Toil BeTBH Z=Z,€" Tak, uTo (ha3Hblil yroa ¢ const, a MOxyib Z=0+0 = var —
IIEPEMEHHBIN ITAPAMETP.

BpiaenuMm x-Tyr0 BETBb U3 CIIOKHOW CXEMBI, & OCTAIBHYIO YaCTh CXEMBI 110
OTHOLICHHWIO K BE€TBM 3aMEHHUM SKBHBAJICHTHBIM TE€HEPATOPOM HANPSIKEHUS C
napamerpamu E, = Uy, Zo= Zy¢” = Z., (prcyHOK 82):

Zn

o

Pucynok 82

79



Taxkum 006pa3om, MOTYYUBINIASCS SKBUBAIICHTHAS cxeMa (PUCYHOK 82) HUUeM
HE OTJIMYaeTCs OT PAaCCMOTPEHHOM paHee cxembl (pUCYHOK 81), U, clie1oBaTeNbHO,
JUIsl TIEPEMEHHBIX BEKTOpPOB [, Uy TO aHaloruu MOTYT OBITb MOTYT OBIThH
3anvcaHHbIe YpaBHEHUS AyTU B KOMIUIEKCHOU (popme, Hanmpumep:

s E L M,
=x - 7 o n . — €CTb yPAaBHEHHUE JIYTH.
Zo + ZK 1+ 7Kej((/7’(_¢70) 1+ 7e/¢
a

0

JlokaxxeM, 4TO ISt TOKa [, MPOU3BOJILHOW #- OM BETBHU CJIOKHOM CXEMBI
TaKKe MOXXET OBITh IMOJYUYCHO YPaBHEHHE JYT'U B KOMIUIEKCHOU popme.

B cooTBercTBUUM C TEOPEMOM O JIMHEHMHBIX OTHOLICHUSAX UCCIENyeMbIN [, 1
TOK [, CBSI3aHBI MKy cO00i TMHEHHON 3aBUCUMOCTBIO:

L,= 4 + B,

riae A, B — koMrekcHble KO3 (UIMEHTHI, 3HAYCHHUSI KOTOPBIX MOXXHO HAWTH U3
KpalHUX PEKUMOB CXEMBI (XOJIOCTOTO X0Ja U KOPOTKOTO 3aMbIKAHHS).

B pexume xonocToro xona Z, = o, I = 0, Toraa [,= 4.

B pexume kopotkoro 3ambikanus Z, =0, torna Ly, = A + B-la = Lix T
Bl , OTKy1a TIOJTy4aem:

l,,—1
E — — NnK3 — nxx ]

l

—NnK3

[ToncraBuM HalineHHbIE 3HaueHUS Kod(pduureHToB 4 U B U ypaBHEHHE
IyTH IS TOKA [, B ypaBHEHHUE CBSA3H:

L, I
in:A—i_ﬁ.lkzlmx-'_uix:lnxx-'_ = nk3 L xx
lKKS’ 1+ 7"8-/(@‘_(/’0)

0

YpaBHEHHE 711 TPOU3BOJIBHOIO TOKA /,COCTOUT U3 CYMMBI JIByX BEKTOPOB:
a) TTIOCTOSTHHOTO BEKTOpa [y, PABHOTO €r0 3HAUYCHHUIO B PEKUME XOJOCTOr0 XOJ1a
npu Z, = o, U 0) IEPEeMEHHOT0 BEKTOpa, U3MEHSIOIIETOCs M0 AYre OKPY>KHOCTH C
xopaon  [,,— Lk IIpm mocTtpoeHMH KpyroBou AuarpaMmbl TOKa [,[10 3TOMY
YPaBHEHUIO BHAYaj€ CTPOUTCS €ro MOCTOSIHHAs COCTaBJAOWIAS [, B KOHIIE
KOTOPOW CTPOUTCS Kpyropasi avarpamma Jyisi THEPEMEHHOM COCTaBJISIIOIICH,
PE3YJIBTUPYIOIINN BEKTOP MOTYYAOT KaK CyMMY JIBYX COCTABJISIOLIUX.

YpaBHEHHE KPYTrOBOW THATPAMMBI JUIS1 IPOU3BOJIBHOTO HAMPSIAKEHUS
MOJKET OBITh MOTYYEHO MYyTEM aHAJIOTUYHBIX JJOTHYECKUX BHIBOJIOB.

7 Tonosornyeckre MeTOAbl pacyera JIeKTPUYEeCKUX Henei

7.1 TonoJsioru4yeckue onpeaeJeHusi CXxeMbl
C nosiBnennemM OBM U ux mMpOKUM MPUMEHEHUEM JIJISl PEILIEHUS CIIOKHBIX
MaTEMaTHYECKUX 3a7ad ObUIM pa3paboTaHbl CIELMAIBHBIE TOMOJIOTMYECKHE pac-

4y€Ta CIOXKHBIX DJIEKTPUUYECKUX 1enel, rpad)oB U MaTpPHII.
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Cxema CHOXHOM »dieKkTpuueckodl 1enu (pucyHok 83a) MoOXkKeT ObITh
3aMeHeHa (MpeicTaBeHa) HallpaBJIeHHBIM rpadom (pucyHok 830) ¢ cobmroaeHneM
CJIEIYIOLIUX YCIOBUM:

1)y371b1 rpada COOTBETCTBYIOT Y3JIaM CXEMBI;

2)BeTBU Ipada COOTBETCTBYIOT BETBSIM CXEMBbI;

3) HampaBlieHHE BETBEW COOTBETCTBYET HAMPABICHUIO TOKOB B BETBSX
CXEMBI.

Pucynox 83

JIro6ast yacth rpada HaspiBaeTcs moarpagomM. MUHUMANbHBIN CBSI3aHHBIN
noarpad, coenuHAOMUNA Bce y37bl rpada U He 00pa3yromuid KOHTYpOB, Ha3bIBa-
eTcs nepeBom rpada (Ha cxeme rpada obo3HadaeTcs KupHoOU JuHUEH). )1 KOH-
KpeTHOro rpada MOXKET ObITh COCTABJIICEHO OMPEEICHHOE MHOKECTBO BAPUAHTOB
JIEPEBbEB, HO B pacueTe CXeMbl IPUHUMAETCA JIF000H 13 BapuaHToB. BeTBu rpada,
HE BXOJIINE B €r0 AEPEBO, Ha3bIBAIOTCS CBA3AIMM WU XOPAAMH.

Crpykrypa rpada M COOTBETCTBEHHO CTPYKTypa JJIEKTPUUYECKOW CXEMBbI
MOJKET OBITh OINMCAHA C IOMOILBIO TONOJOTMYECKUX MATPUL WIM MATPHIL] COEIU-
HeHUs. TakuxX MaTpULl HECKOJIBKO, I pacuera 3JIEKTPUYECKUX LENeil MCIoNb3y-
IOTCS IB€ OCHOBHBIE: [A] — MaTpHIIA COCIMHCHNH «y3IIbI-BeTBI» U [B]— Mart-
puLla COEAMHEHUN «KOHTYPbI-BETBI.

B o6miem ciryyae cioxHasi CXema COAEPKUT «m» BETBEH U «n» Y3IJI0B, IIPU
n-(n—1)
S

CocTtaBuM TaOIUIly COCAMHEHMH «Yy3JbI-BETBU» PYKOBOJCTBYSCH CIENYIO-
MMM [TPaBUIIAMHU:

1 — BEeTBb BBIXOAUT U3 y3I1a,

—1 — BeTBb BXOJUT B y3€1I,

0 — orcyTcTBHE CBSI3U C Y3IIOM.

TOM MAKCHUMAaJbHOE YKCJIO BETBEH 3aBUCHUT OT YHCIIA y3JI0B: m,, =
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Taoauma 1

No y3na \  Ne BeTBu 1 2 3 4 5 6
1 1 -1 0 1 0 0
2 -1 0 —1 0 1 0
3 0 1 1 0 0 —1
4 0 0 0 -1 -1 1

Tax kak kaxgast BETBb UMEET TOJIBbKO OAMH BX0oJ (—1) u oguH BeIxox (+1), TO
CyMMa 4YHuCel M0 BEepTUKAJIM AJis JT000ro crondia paBHa Hy 0. M3 atoro cienyer,
YTO HE3aBUCHUMBIMM SIBJISIFOTCS TOJIBKO 3 w3 4 cTpok Tabimubel. Matpuma co-

€IUHECHUN [A] «y3IIbI-BETBW» (TabnuIa 2) moJiy4aeTcsl W3 NMPUBEACHHOW BBIIIE
TaOJIHIIBI TyTEM BBIUEPKUBAHUS JIFOOOU CTPOKH (HampuMmep, cTpoku Ned):

TaObnuma 2

No y3nma \  Ne BeTBu 1 2 3 4 5 6

1 1 -1 1

2 -1 —1 1

3 1 1 —1

Pa3mepHOCTb MaTpuIbl COEMHEHUN [A] «y371bI-BeTBM» paBHa [(n—1)xm],

rae n—1 — 9uciio HE3aBUCUMBIX Y3JIOB, 711 — YUCIIO BETBEH.

He3aBucumbIMU Ha3bIBarOTCS KOHTYpHI Tpada, oOpa3oBaHHBIC OJHOW W3
XOPJI ¥ BETBSIMH JiepeBa. UHCI0 HE3aBUCUMBIX KOHTYPOB COOTBETCTBYIOIINUX YUCITY
xopa rpada: k=m—(n—1)=3, koHTYypbI HyMepyrOTCs 10 HOMepY xopabl (1,2, 3).
Hanpasnenne o0xoma KOHTypa MPUHUMAETCS 110 HAIMPABICHUIO XOPJBI, KOTOPas
BXOJIMT B COCTaB 3TOTO KOHTYA.

CocTaBUM TaOIMIly COEAMHEHUI «KOHTYPBI-BETBU», PYKOBOJCTBYSCH ClIe-
IOYIOUTMH TTPABHIIAMH:

| — HanpaBIIeHHE BETBU COBIAIACT C HAIPABJICHUEM 00X0/1a KOHTYpa,

—1 — HampaBJieHNE BETBU HE COBIAJIAET C HAMPABJICHUEM 00X0/1a KOHTYpa,

() —BETBb HE BXOJHT B KOHTYD.

Tabnauma 3

No xonTypa \ Ne BeTBHU 1 2 3 4 5 6
1 1 0 0 -1 1 0
2 0 1 0 1 0 1
3 0 0 1 1 1
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JlanHast TabnMIa MOMy4Ynsia Ha3BaHUE MATPHIIBI COETUHEHUMN [B ] -
«KOHTYPBI-BETBU». Pa3MepHOCTh MaTpHIIbI COCTMHEHUI [B ] pasna [k X m ]
,rne k = m — (n — 1) — 4ncio HE3aBUCUMBIX KOHTYPOB, /11 — YHCIIO BETBEA.

Ecnu matpuibl coelMHEHUI [A] u [B] cocraBnensl BepHO, TO TOIKHO BBI-

HIOJIHATBCS yCIIOBHE: [B] [A]T =0.

7.2 YpaBuenust Oma u Kupxroda B maTpuunou popme

Ecnun B uccnenyemMon CioKHOM CXEME COIEpIKATCs MAPAIIENbHO BKIIIO-
YEHHBIE BETBU, TO ISl COCTABJICHHSI MAaTpPULl COCAUHEHUN TaKWe BETBU HEOOXO-
JUMO 3aMEHUTH (00bETMHUTH) OHON IKBUBAJIEHTHON BETBBIO.

B obmem ciydae mo0asi BETBb CXeMbl KpPOME KOMILJIEKCHOTO COMPOTHUBIIE-

1
HUs (IPOBOAMMOCTH) Z . = —— MOXeET cofepxkarbh uctounuk IJC E,, UCTOYHUK

—K

Toka J,.. CxeMa u rpag o000IIeHHON BETBU MOKa3aHbl Ha pucyHke84a, O:

L, Q) 7

[ ]

1 l\_/ 2 1 2

de /7N U
NI
al 6]

Pucynoxk 84

Toxk BeTBU [, HanpsiKeHUE BeTBU U,= @ — .
U3 morenuuansHoro ypasuenust setsu @ =E—([,=J,)-Z,=¢  cne-
IYIOT:

K

} — ypaBHeHus: OMa 1Sl K-Oi BETBH.

J1is Bcex «m» BETBEH COCTaBUM CHCTEMY YPaBHEHHI 10 3TOi Gopme:

Ql :Zl 'll +Zl 'il _El
Q2222 12+Zz Jz Ez
Qﬂl :ZWI lﬂl +Zm lﬂl _Eﬂl

3aMeHUM TOJYYEHHYIO CUCTEMY U3 «/m» YpaBHEHUN MaTpU4HOU (POpMOii.
J1yist 3TOM 11enH BBEAEM ClieIytolue 0003HauYeHus: MaTpUIL:
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_Ql T _—l | _ll | _El 1
U 1 J E

u]= _2 ; [1]= _2 ; [9]= _2 ;[E]= _2 — CTOJIOIIOBBIC MATPHIIBI
U, L, (] E, ]

COOTBETCTBEHHO HAIPSKEHUI, TOKOB, HCTOYHUKOB TOKa U ncTOYHUKOB DJIC.

20 00T rooo o) Merommmc

[Z]:O 20 -0 [¥]= 0 % 0 ..0 COOTBETCTBEHHO
--------------- > — COHpOTI/IBJ'ICHI/Iﬁ "
0o 0 0 .2, 0 0 0 .. Y,] IDOBOIMMOCTEH.

VYpaBuenus Oma B MaTpuyHOM opMe MmosTyqar BUA:

wl=(z] [z]+[z] [1]- [E]}
]=[r]-u]+[r]-[£]-[/]
YpaBuenus: Kupxroda B oObryHOM hopme UMEIOT BUA: ] =(0— TEPBBIHA
3akoH Kupxroda nns y31m0B,Y. U = (0 - BTopo# 3akoH Kupxroga st KOHTYpoOB.
Cucrema ypaBaennii Kupxroda B matpuunoit ¢opme moiydaercs: depes
MaTpUIbI coenunenuii (4] u [B]:
[A]- [L]: 0 - (n -1) - ypaBHeHUH . .
—"m" ypaBHEHU I
[B]-[U]=0-m - -1) - ypapuennit

CocraBieHHas cCUCTEMa YPAaBHEHUU COJNEPKUT “‘m’’ HEU3BECTHBIX TOKOB U

“m” HEU3BECTHBIX HAIPSHKEHUM, BCEro 2°“m” HEWU3BECTHBIX, U HEMOCPEICTBEHHO
HE MOXXET OBITh pelIeHa.

CnenaeM MOJCTAaHOBKY MaTpHIIbI [U ] U3 MATPUYHBIX YPAaBHEHUN 3aKOHA

Oma, nomaydnm:

(13 29

[4]-[1]=0 - m YpaBHEHUI
)2} )= E- BLZIL] g o

Jliis cpaBHEHMsI IPUBEAEM TEXKE YpaBHEHHs B 00bIYHON (hopMme:
21=0
X1-Z=YXE-2J -Z
CrenaeM MOACTAHOBKY MATpPHIB! [/] M3 MAaTpUYHOTO ypaBHEHHS 3aKOHA
Oma, nosry4um:

[13 2

- i K
) A P P T T L

[B]-lu]=0 dopme.
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Jlnis cpaBHEHMSI IPUBEAEM TEXE YpaBHEHHs B 00BIYHON (hopMme:
2U-Y=2J-2E-Y
2U=0

7.3 KonTypHbl€e ypaBHeHHsI B MATPU4HOI opme

BBoauM MOHSATHSL KOHTYPHBIX TOKOB /. KOHTypHBIE TOKHM 3aMBIKAIOTCS MO
KOHTypaM-suerikam rpada, IMEHYIOTCS IO UMEHU XOpAbl, UX HAIpPaBJICHUE COB-
najiaeT ¢ HanpapiieHneM xopbl. CToa00Bast MaTpUila KOHTYPHBIX TOKOB:

l

Zxl

lKZ

L=

1

L = Kk(m—n+l) _

JIeCTBUTENBHBIE TOKHU CBSI3aHbI C KOHTYPHBIMU YEPE3 MATPUILLY [B ]:

[1]=[8]"-|z.|
3amMeHUM B ypaBHEHMsX 2-T0 3akoHa Kupxroda aeiicTBuTenbHbIE TOKH [/]
Ha KOHTYpPHBIE [1 ] corjacHo opmyiie:

[B]-[Z][B]T [l]=[B][E]—[B][Z][l] —CUCTEMA KOHTYPHBIX YPaBHEHUH
B MaTpu4HOU (popme.

BBenem 0003HaueHUS:

Zl 1 £ .o
—MarpHuLa KOHTYPHBIX
[ZK ] = [B ] ' [Z][B ]T =\Zy Zn . COIPOTHBIICHAN

E,
[E.]1=[B]-[E]-[B]-[z]-[1]=| E.. |~ matpHma xouTypHEx DJIC

[Z K]- [[ K]Z [E K]— cUcTeMa KOHTYPHBIX YPaBHEHHUH B OOOOIIEHHOM MaTpuy-
HOM (hopme.

7.4 Y310Bble YypaBHEeHUSI B MATPHUYHOI (popme
BBoauM moHsTHE Y370BBIX NOTEHIMANOB @, IloTeHIMay MocieAHero n-ro

y371a, U1 KOTOPOTO OTCYTCTBYET CTpOoKa B Marpulie [A] nmpuaumaeTcst paBHbIM ().
CronboBasi MaTpuila y3JI0BbIX TOTEHIIUAJIOB:
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—yl

b e

%

L—y(=1) ]

Hanpsxenust BeTBel CBsi3aHbl C MOTEHIIMATIAMHU Y3J10B YEPE3 MATPUILY [A]
=14 -le, |

IToncraBum B ypaBHeHus 1-ro 3akoHa Kupxroga [Q ] = [A]T : |£)y J, TOJTyYHM:

BBenem 0003HaueHUS:
Ji

[J y ] = [A] U]— [A] [X] [E] = |- MaTpHILIa y3JIOBBIX ITPOBOAUMOCTEN

I
[J y]: [A] U]— [A] [X] [E] = |- MaTpHUla y3JI0BBIX TOKOB.

[Xy]' @yJ: [J y]— CHCTEMA Y3JIOBBIX YPaBHEHHMH B OOOOILEHHON MAaTpUYHON
dopme.

2 cemecTp
8 DuexkTpuueckue nenu TpexgazHoro Toka
8.1 Tpexdasznas cucrema

MHuorodaszHoil cucteMoil Ha3bIBaeTCsl COBOKYMHOCTb, COCTOsAIAs U3 ~n” OT-
JENbHBIX OJIMHAKOBBIX AJEKTPUUECKUX IENEH WK 2JIEKTPUUECKUX CXEM, PEKUMHbIE
napameTpbl B KOTOpbIX (e, u, i) CABHHYTBI BO BPEMEHM Ha DPaBHBIE OTPE3KHU
At=T/n wnmno pase Awt=27z/n=360/n.

OtnenpHBIE YaCTH CUCTEMBI Ha3bIBatoTCs (pazamu. TepMuH “’¢aza” B 3J€KTPO-
TEXHUKE MMEET JBa CMBICIOBBIX 3HAUEHHUA: MEPBOE — KaK MOMEHT BPEMEHM s
CUHYCOMJANBHOW (YHKIMH TOKA WM HAOpsOKEHUs, BTOpOE — KaK YacTh
MHOTO(Da3HONW cucTeMbl. B TexHHKe HalUM npuMeHeHue 2-x, 3-X, 6-u u Oolee
¢dazHbie cucteMbl. B anekTposHepreTrike HauboIbIIee pacpoCTpaHEHUE MOTyUunsa
Tpex(aszHasi cuctema, 00JIaaromas psioM MPEUMYIIECTB MEPEA CUCTEMAMHU C JIPY-
TUM YHCIIOM (a3.

Tpexdaznas cuctema COCTOUT U3 TPEX IEKTPUUECKUX IETIeH WK dJIeKTpUye-
ckux cxeM (¢a3z), mapaMmeTpsl pekumMa (u,i) B KOTOPBIX CABUHYTHI BO BPEMEHH Ha
Awt=27/3=360°/3=120°. Ornenshbie (a3l TpexdasHON CHCTEMbI COTTIACHO
['OCT o6o3Hauatorcsi (MIMEHYIOTCSI) 3arjlaBHBIMH JIAaTUHCKUMU OykBamu A4, B, C
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(ocHOBHOE 00O3HaueHwue), win mudpamu 1, 2, 3 (momyctumoe 0003HAUEHUE), WU
3arjiaBHBIMU JaTUHCKUMU OykBamu R, S, T (MeXayHApOAHOE 0003HAUCHHE).

la
—_—

OF ]

,.N = jﬂ_’l_ jH‘.'" J.r_
-

Qe D =[] ]

Pucynox 85

He umeet 3HaueHus, kakyro u3 Tpex a3 uMEeHOBaTh Kakoil OykBoul 4, B unu
C, CyIIECTBEHHBIM SBJISIETCS] UX MOPSAOK CIEAOBAHMS IPYT 32 JPYTOM BO BPEMEHH.
[IpsimbiM mopsiAkoM cnefnoBaHusi ¢a3 HaszbiBaercs A —>B—>C—A, npu KOTOpOM
napaMeTphl pexxuma (i, i) B gaze B 0TCTalOT OT aHAJIOTMYHBIX MMapaMeTpoB B (aze 4
Ha 120°, a B ¢aze C — onepexaror Ha 120°. IIpu 0OpaTHOM MOPSAKE CIIEAOBAHMS
daz A—>C—B—A napametpsl pexxuma B (paze C OTCTAIOT OT aHAJOTHYHBIX Mapa-
MeTpoB B ¢aze A Ha 120°, a B paze B— onepexkaror Ha 120°,
Ecnu ornenbHbie (pa3pl cuctembl pabOTAlOT M30JUPOBAHO M HE3aBUCHUMO
Ipyr OT JApyra, TO CHCTeMa Ha3bIBaeTCs HeCBA3aHHOW. Paccmorpum paboty
MpoCTeHIell HeCBA3aHHOW TpexdasHOW cHCTeMbl (pUCYHOK 85). MrHOBeHHBbIE
sHaueHus ¢asupix DJIC reHepatopa CIBHHYTHI BO Bpemenu Ha 120° B mopsiake
cnenoBanus paz A—>B—>C—A:
e,=E sinot< E,=Ee",;
e, =E, sin(wt—120°) < E, = Ee ™

e. =E, sin(wt—240") = E, sin(wt +120°) < E .
['padmyeckue nuarpaMMbl 3TUX PYHKINN TOKa3aHbI HA PUCYHKE 86, a BEKTOPHBIE
— Ha pHUCYHKe 87.

TS

Pucynok 86
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Pucynox 87

OcCHOBHOE CBOMCTBO JIIOOBIX TIepeMeHHbIX GyHKIUM (e, u, i) B
CUMMETPUYHON Tpex(]a3HOoi CHCTeMe COCTOUT B TOM, YTO CyMMa UX MTHOBEHHBIX
3HaueHU# B 000N MOMEHT BPEMEHM paBHA HYJIO, Hampumep, e4 + ez + ec = 0.
Haiinem 5Ty cymMmy Ut pa3HbIX MOMEHTOB BPEMCHH:
ot=0, e, +e,+e.=E, sin0)+E,sin-120)+E, sin(20')=E,, 0—— —|=0;

>

>

1 1
wt=30°, e, +te,+e.=E sinB0°)+E sin(90")+E sin(50)= E’”(E_ 1 —Ej =0;

wt =60°, e, te,+e.=E smO0)+E sin-60")+E sin(80)=
£[P3 ¥ 0120
2 2 '

Kak cnemyer u3 BEKTOpHOW auarpaMmbl (PHUCYHOK 87), reoMeTpuyecKas
cymma BekTopoB ¢a3zubix IJIC Takke paBHa HYIIIO:
E,+E,+E.=FEe +Ee’ +Ee/"" = E(ef +e /0 e ) E-0=0,
Ecnu Harpyska oTJenbHbIX (a3 paBHa Mex1y coboit, T.e. Z,=Z,=Z.=Ze’"",
TO (pa3HbIE TOKU OYyT paBHbI IO MOJYJIIO U CABUHYTHI 1O (ha3e OTHOCUTEIBHO
cBoux DJIC (HampsKEeHUM ) Ha OUH U TOT K€ YToJl ¢, a Mexay coboit, kak u IJ1C,
OyxyT caBuHYTH 110 (asze Ha 120°. CiemoBarensbHo, (GasHble TOKH iy, ip ic
00pa3yoT CHMMETPUUHYIO Tpex(da3Hyl0 CUCTEMY U JIJIsl HUX OYyAyT CIpaBeIUBbI
MOJIyYEHHbIE paHee BoIBONbL: iyt ipg+ic=0; I+ Iz+ [~=0.

[IpeoOpazyem HecBszaHHYIO TpexdaszHyio cuctemy (pucyHoxk 81) B
CBSI3aHHYIO IyTeM OOBEAMHEHUS TPeX OOpaTHBIX MPUBOAOB B OJIMH OOLIUIN MPUBO/I.
Cormacao 1-omy 3akony Kupxroda B o00mem mpoBoae ITODKEH NPOTEKATh
CYMMAapHBIUA TOK iy = iy + iz + ic= 0. TO 03HAUaAET, 4TO MOTPEOHOCTh B OOPAaTHOM
IPOBO/JIE BOOOIIIE OTMAaeT, Ojarogapsi Y4eMy JAOCTUTAETCS 3HAUUTENIbHAsT YKOHOMMUS
IIPOBOJIOB NIPH MEepeade SHEPIUH OT TpeX(a3zHOTo reHepaTopa K MPUEMHHUKY.
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HocTonHcTBa Tpex(a3HON CUCTEMBI:

1) [Ilepemaua sHepruu OT TeHEpaToOpa K MOTPeOUTENsIM TpexdazHbIM
TOKOM HamOOJee BBIFOJIHA YKOHOMUYECKH, YEM IPU JOOOM JpyroM uucie ¢as.
Hanpumep, 1o cpaBHEHUIO C JBYXIPOBOJHOW CUCTEMON JIOCTUTaeTCsi 3KOHOMUS
IIPOBOJIOB B J1Ba pa3a (3 npoBoja BMECTO 6), COOTBETCTBEHHO YMEHbBILAIOTCS IOTEPU
HHEPIUU B IPOBOJAX JIUHHH.

2) TpexdasHas cucTeMa IMO3BOJSIET TEXHUYECKH MPOCTO IMOJYyUYUTh
KPYTOBO€ Bpallfarolieecs mnoje, KOTopoe JEKUT B OCHOBE paboThl BceX TpeX(asHbIX
MalIuH (F€HepaTOpPOB U ABUTATENEN ).

3) DOnementhl Tpexda3zHOl cucTeMbl (T€HEpaToOpbl, TpaHCcHOpPMATOPHI,
JIBUTATENN) MPOCThl MO KOHCTPYKLMH, HAIEKHBI B paboTe, MMEIOT XOpOIIUe
MaccorabapuTHbIE TOKa3aTeNN, CPABHUTEIBHO JEIIEBHI, IOJITOBEYHBI.

4) Ha Bbixone Tpex¢a3HbIX T€HEPATOPOB UMEETCS JBA YPOBHS BBHIXOJAHOTO

HaIpsDKEHUS — JIMHEeWHOE U (Da3Hoe, OTJIUYAOIIUECs B V3 pas (U, /Uy = V3 ), 4TO
MO3BOJISIET TMOJKIIOYaTh K TaKOMy TEHEpaTopy NPUEMHUKH C Pa3IMdHBIMU
HOMUWHATHHBIMH HAMIPSHKCHUSIMH.

brnaromapst cBoum mocTomHCTBaM Tpex(dazHasi CUCTEMa MPUMEHSIETCS B DJICK-
TPOIHEPTETHKE JJII POU3BOJICTBA, TIEPENAUHN, PACTIPEICTCHUS U TIOTPEOICHHS DIIEK-
TPUUYECKOIN SHEPTHUH.

TpexdazHas cucreMa U ee OCHOBHBIE 3BEHBSI — T€HEpaTop, TpaHchopMmaTop,
JIVHHSL DJIEKTpOIIepeiadn, TBUTATeNb — ObUTH pa3paboTansl B 1889 roay nrkeHepom
Homuso-Jlo6poBosibeckum (hupma Cumenc u Lllykept). Co3ganue 3TOM CHUCTEMBI
SIBUJIOCh Ba)KHBIM COOBITHEM B HMCTOPUHU PA3BUTHS TEOPETUYECKOW M MPUKIIATHON
AIIEKTPOTEXHUKH.

8.2 Cnoco0bI coenHeHUs1 00MOTOK Tpex(a3HbIX reHepaTopoB

B oOmoTkax Tpexda3zHOro reHeparopa WHIAYKTUPYIOTCS CHHYCOWIAJIbHBIC
3JIC, caBunyThIe 110 (ase Ha 120°:

e,=E sinot< E, =E, e,

e, =E sin(ot—120°) < E,=E e’

e. =E, sin(wt+120°) < E. = E e’

Mexny coboif (a3zHbie 0OOMOTKH T€éHepaTopa MOTYT COEIUHSTHCS MO JIBYM
pa3IUYHBIM CXEMaM: 3Be3/10H ( L ) U TPEYroJIbHUKOM (A ).

[Ipu coenuaennn B 3Be3/y KOHIIBI (Da3HBIX 00MOTOK ((ha3) reHepaTopa coenu-
HSIOTCA B OOIIYI0O TOYKY NV, KOTOpasl Ha3bIBaeTCs HYJEBOM WJIM HEUTpalbHOH, a
Hayayia 0OMOTOK CITy>KaT JMHEHHBIMY BhIBOJIaMu TeHepaTtopa 4, B, C (pucyHok 88).

BexTopHas auarpamma HampspkeHH Tpex(a3sHoro reHeparopa MmpH COeaHe-
HUM ero Ga3HbIX OOMOTOK B 3Be3/y NOKa3aHa Ha pucyHke 89a, 0.

B tpexdasznom reHepartope paznuyaroT (asHble W JTUHEHHBIC HATPSKCHUS.

@da3HpIMH HA3BIBAIOTCSA HANPSDKEHUS MEXIy HadaJlaMd W KOHIIAMH (Da3HBIX

0OMOTOK WJIM MEXIY OJHUM W3 JUHEUHBIX BHIBOJOB A, B, C 1 HYJIEBbIM BBIBOJIOM
N. ®aznbie HanpspkeHuss paBHbl GaszubiMm DJC: U,=E, Up=Ep Uc=E(uHnexc

b

b

&9



Ntpu  (a3HbIX HANPSOKEHHWSIX OIMyCKaeTcs, Tak kKak ¢y = 0). JluaeiHbMH
Ha3bIBAIOTCS HANPSDKEHUS MEXAYy JBYMsl JUHEWHbIMM BbiBOgamu A, B, C.
JIuHeliHble HANpPsHKEHUS PaBHBI BEKTOPHOM Pa3sHOCTH JABYX (Da3HBIX HaAMpPsKEHUH:
Uip=Uy-Up Upc=Up-Uc; Ucs=Uc-Us.

€ Ea
v 4 ) A
- NI
Py B /-E% B
N
a) 6)
Pucynox 88
A
+
C Uer B Uer
B
a) G)
Pucynoxk 89

[Ipu pacuere TpexdaszHbIX LEenell KOMIUIEKCHBIM METOJ0M (pa3Hbie U JIMHEH-
HbIE HAMPSOKEHUsI TeHepaTopa MPEeCTaBIAIOTCS B KOMIIEKCHOW dopMme, TpU 3TOM
OIMH W3 BEKTOPOB CUCTEMbI MPUHUMAIOT 32 HAYaJbHBII M COBMELIAIOT €ro C
BEIIECTBEHHON OCBHIO, a OCTaJbHBIC BEKTOPA MOJMyUYaloT HayaJlbHbIE (Da3bl COTIACHO
WX yTJlaM C/BUTa M0 OTHOIIEHUIO K HaYaJIbHOMY BeKTopy. Ha pucynke 89a nokaszan
BapHAHT MPEJCTaBICHUs HAMpPsDKEHUN Tpex(azHOTro reHeparopa B KOMIUIEKCHON
¢dopMme, Kor/ia 3a HaYaJIbHBIN BEKTOp MpuHUMaeTcs paszHoe HanpsikeHue ¢asbl 4. B
ITOM ciydae (pazHble HANPSKEHUs T€HEepaTopa B KOMIUIEKCHON (opMe MoJIydaT BUJ
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° —j120° +7120° o
U,=Uze’, Uz=Uze’", U-.=Ugze”’" | nuHeliHble HaNPSHKECHUS:

U s :Qﬂeﬁoo , Uspc :Qﬂe_jgoo s Uc :Qﬂeﬂso" .

Ha pucynke 890 mokasaH [apyroid BapHaHT MNPEACTaBICHUS HaNpPsHKEHHM
Tpexda3zHOro reHeparopa B KOMIUIEKCHOW (opme, Koraa 3a HadalbHBIA BEKTOP
npuHUMaeTcs TuHelHoe HamnpsikeHue U,z B sToM ciyuae (asHble HampsiukeHUs

o —-j30° - j150°
reHeparopa B KoMIUIeKCHOM (opme moayuar Bua: U =Uge " , U, =Uze " ,

U.=U,e””" , nuneiiHble HaNpSKECHNUS: Uys;=Ue", Ugp=U,e’™,
_ 7120°
Uci=U,e" .
N3 reomerpun (pucyHok 89) moiiyyaeM COOTHOILICHHE MEXKIY MOJYJISIMU
~ ~ O
JUHEHHOTO U ()a3HOTO HANPSHKEHU: U;=2Ug cos 30" =2 U@ﬁz\/g Ugp.
2

OOMOTKHM Tpex(a3zHOro TreHepaTopa TEOPETHYECKH MOKHO BKIIOYATh IO
CXeM€ TpeyrojibHMKa. B Takoi cxeme KOHel] KaXIoW mnpeablayieil ¢asbl
COEJIMHSETCS C HAaYaJIOM MOCJIEAYIOMIEH, 4 TOUKA COCAUHEHUS CIyKaT JIMHEHHBIMU
BBIBOJIaMH reHeparopa (pucyHok 90).

Bag

—_—

Yy YL A

Q| D | D,

Pucynoxk 90

[Ipu coemuuenun ¢a3 B TPEYroJbHUK B €ro KOHTYpe ICHCTBYET CyMMa
dazapix D/IC: Zez esp + epc T ecy. B peanpHBIX TpexdaszHbIX TEeHepaTopax

TEXHUYECKU HEBO3MOKHO 00€CTeunTh paBeHCTBO Hyto aisi cymmapHaon JJIC. Tax
KaK COOCTBEHHBIE COINPOTHBJICHUS OOMOTOK TeHepaTopa Malbl, TO Jaxe

HE3HAuUTeNIbHas Mo BenuurnHe cymmapHas J/1C Ze >( MOET BbI3BaTh B KOHTYpE

TPEYTOJbHUKA YpPABHUTEIbHBIA TOK, COU3MEPUMBIA C HOMHUHAJIBHBIM TOKOM
reHepaTopa, YTO MPUBENIO Obl K JOMOJHUTEIbHBIM MOTEPSM SHEPTUU U CHIXKCHHIO
KIIJI renepatopa. Ilo »oToii mpuumHe OOMOTKHM Tpexda3HbIX T'e€HEPATOPOB
3aIpeIaeTCss COEAUHATD 110 CXEME TPEYTOJIbHUKA.

HomuHanbHeIM HampsbkeHHEM B Tpex(asHOW cHUCTeMe Ha3bIBaeTCs JTUHEHHOe
HanpspkeHue. HoMuHanbHOE HalpsKEHUE NMPUHATO BhIpaXKaTh B KWIIOBOJIbTaX (KB).
[kana HOMHUHAJIBHBIX Tpex(asHbIX HAMNPSHKEHUM, MPUMEHSIEMBIX Ha MPaKTHUKE,

numeer Buna: 0.4; 1,1; 3,5; 6,3; 10,5; 22; 35; 63; 110; 220; 330; 500; 750. Ha
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NOTPeOUTETHCKOM yPOBHE HOMHHAIIBHOE Tpex(a3zHoe HaANpPsHKCHHE MOXKET
yka3biBaThcs B BuEe otHouenus: Uy / Uy, Hanipumep: U/ Ugyp= 380/220 B.

8.3 Cnoco0nl coennnenus a3 TpexasHbIX IPUEMHHUKOB

[IpuemHukn Tpex(}azHOro TOKa MOTYT MOAKIIOYATHCA K TE€HEepaTopy Io
JIBYM cxeMaMm — 3Be3lbl (L) u TpeyrosbHuKa (A). Kak M3BeCTHO, Ha BBIXOJIE
Tpex(}a3HOro reHeparopa MOJy4yaroTCs J1Ba HampspkeHue (inHelHoe U (as3Hoe),
ormmuaromuecs B U,/Uy, =/3 pa3. C apyroif CTOPOHBI KaKIbIii IIPHEMHHIK SHEPrHH
paccuuTaH Ha pabOTy IpPH OMNPENEICHHOM HAINpPSIKEHUU, KOTOPOE Ha3bIBACTCS
HOMUHaNBHBIM. (Cxema coeauHeHus (a3 mpueMHUKa JOHKHA 00ecleunTh
noAKJIoUeHre ero (a3 HoMHHaIbHOE (a3HOoe HampsbkeHue. TakuMm oOpasowm,
BBIOOp cXxembl coeauHeHuss (a3 TpexdazHOro MNpPUEMHUKA 3aBUCUT  OT
COOTHOIICHUS] HOMUHAJIbHBIX HAMPSKEHUM MPUEMHUKA U reHepaTopa (CeTH).
Cxema 3Be3/1bl MPUMEHSIETCS] B TOM ClTy4dae, €CJIM HOMUHAIIbHOE HalpsHKEHHEe
IPUEMHHKa COOTBETCTBYET (paBHO) a3HOMY HanpsbKEeHUIo reHeparopa. [lpu
COEIMHEHUH B 3B€3]ly KOHIIBI (pa3 MpUEMHUKA 0ObETUHSIOTCS B OJIHY TOUKY “n”,
HA3bIBAEMYIO HYJICBOM WM HEUTPATHHOMU, a Havyasa (a3 MoIKIIF0Yar0TCs K
JUHEWHBIM BbIBOJAM TpexdazHoro reHeparopa A, B, C ITMHEHHBIMH IPOBOJAMH.
Ecnu nyneBas Touka npueMHUKa “n” COEIMHEHA C HYJIEBOW TOYKOW reHepaTopa
“N” HyJleBBIM MPOBOAOM, TO CXEMa MOJIy4HJIa Ha3BaHUE 3BE3/Ibl C HYJIEBBIM
poBoJIOM (pucyHok 91a). Ilpu oTCyTCTBHM HYJIEBOTO IIPOBOJIA CXEMa HOCUT
Ha3BaHMeE 3Be3/bl 0€3 HYJIEBOTO MTpoBoAa (pUCyHOK 910).

Toku, mnporekaroue B JIMHEWHBIX TNPOBOJAX MO HAMPABICHUIO OT
reHeparopa K NPUEMHHKY, Ha3bIBAIOTCS JTUHEHHBIMHU.

Toxwu, mporekatouye B (pazax NpUEeMHHKA MO0 HATIPABJICHUIO OT Hayajl K KOH-
aM, HaszpiBatoTCA (a3HbIMU. B cxeme 3Be3ibl (a3bl MPUEMHUKA BKIIOYEHBI
MOCJIEIOBATENBHO C JUHEHHBIMU MPOBOJAAMHU U MO HUM MPOTEKAIOT OJHU U TE Ke
TOKU (14, I, Ic). TloaTOMY ISl CXEMBI 3BE3/bI MIOHATHUS JTMHEHHBIC U (Pa3HBIE TOKH
TOXKIECTBEHHBI: /7= Ip.

Tok, mpoTekarolmuii B HYJIEBOM NPOBOJAE OT IMPUEMHHKA K T€HEpPaTopy,
Ha3bIBAETCS HYJIEBBIM WJIA HEUTPAIBbHBIM (1y).

14 Zs L Zs
A " , E A , E
B P n B
. gy . — "
I Ze Ic £e
Co—= . ] . " e ]
In
Y e — Noe
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Pucynok 91
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Hamnpsiokenuss Mexly HayaiamMu W KOHIIAMHU (pa3 MpuUEeMHHKA Ha3bIBAlOTCS
dazubiMu (Uy,, U, Uc,), a HanpsokeHUsT MEXIy Hadalamu a3 — JIMHEHHBIMU
(Uy4s, Upc, Ucy). JInnelinbie HaNpspoKeHUS IPUEMHUKA U T€HEPAaTopa TOXKIACCTBEHHO
PaBHBI.

B cxeme 3Be3npl ¢ HyseBbIM MpoBoAoM (pucyHok9la) k Kaxmol ¢asze
PUEMHUKA MOJABOJIUTCS HEMOCPEACTBEHHO (ha3HOe HampsikeHue reneparopa (Uyy
=Uyn=Uy, Upny= Up, = Up, Ucy = Uc, = Uc), xaxaas u3 ¢as npu 3Tom padoTaer
HE3aBUCUMO JAPYT OT JIpyra, a TUHEeHHbIe ((pa3HbIC) TOKHU ONMPEICIISIOTCS 10 3aKOHY
Owma:

I, =&; I, _Ys ;L =%-
Z, Z, Zc
Tok B HyJlEBOM NMpPOBOJE B COOTBETCTBHU C MEpBHIM 3akoHOM Kupxroda
paBeH reOMETPUIECKON CyMMe JTUHEHHBIX ((ha3HBIX) TOKOB:
Iy=1,+1+1c.
Mpumep. Ucxomusie mannsie:Uy / Up = 380 / 220 B, Z,=100e™Om,
ZB=llOejZOOM,ZC=14Oei3SOM. Omnpenenuth nuHEHbIE ((ha3Hbie) TOKU [y, Iz, [c 1
TOK B HYJIEBOM IPOBOJE [y.

U, 220e" s
==4 - __=220¢”
oz, 100e’ A,
U, 220e/'% .
[,==8= =2 .00e /1
=z, 110/ A,
U. 220e" .
[ === —_ =1,57¢’%
O Zo 1407 A,

Iy=1,+1,+1.=220e’"+2,00e " +1,57e’ =1,06e /7 A.

Bekropnas nuarpamma TOKOB M HaNpsHKEHUN MTOKa3aHa Ha pUCYHKE92.
+1

lUﬂ

+
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[lpu cummerpuuHoit Harpy3ke Z,=Z,=Z.=Z,e’" TOK B HYJICBOM
npoBojie 1,y =0 wu, ciegoBarenbHO, HAAOOHOCTH B HEM oTnaaaeT. CHMMETPUYHBIC
TpexdaszHble  NpUEeMHUKH  (Hampumep, TpexdaszHble  AIEKTPOJBUIaTEsH)
BKJIFOUAIOTCS IO CXeMe 3Be3/Ibl 0€3 HyJIEBOTO MPOBO/IA.

[Tpu HECUMMETPUYHOIN Harpy3Ke OTHOCHTEIbHAs BEITUYMHA TOKA B HYJIEBOM
IPOBOJIE 3aBUCUT OT XapaKTepa U CTENEHM HEe CUMMETpHH (a3HbIX TOokoB. Kak
paBUIO, Tpex(a3zHble MPUEMHUKHU CTPEMSTCS CIIPOEKTUPOBATH MO BO3MOXKHOCTHU
ONMU3KUMH K CHUMMETPUYHBIM, MO3TOMY TOK B HYJEBOM IpPOBOJAE B PEabHBIX
YCIOBUSIX 3HAUNUTEIHHO MEHbBIIIE TUHEHHBIX ((ha3HBIX) TOKOB.

B cxeme 3Be3ab1 0€3 HYJIEBOTO NMpoBoja (pUcyHOK910) npu m000 Harpyske
(a3 10JKHO BBIMOJHATHCA YCJIOBHE MepBoro 3akoHa Kupxroda:

L,+1y+1-.=0.

W3 ypaBHEHHs CielyeT BBIBOJ, YTO U3MEHEHUE OAHOrO0 M3 TOKOB BJIEYET
U3MEHEHHE JBYX JPYTUX TOKOB, TO €CTh OTJEIbHbIC (ha3bl padOTaIOT B 3aBUCUMOM
Ipyr oT aApyra pexume. I[Ipy HeCMMMETpUYHONW Harpy3ke MOTEHIMall HYJIeBOU
TOYKM NpueMHUKa U, CTaHOBUTCA HE pPAaBHBIM HYJIO, OH ‘‘CMeIaercs’ Ha
KOMIUIEKCHOM IJIOCKOCTHU C HYJIEBOTO MOJOXKEHUS, IPU 3TOM (ha3HbIE HAMPSKEHUS
npuemnuka (U, U, ,U_. ) HE paBHBl COOTBETCTBYIOIINUM (ha3HbIM HAMPSHKEHUSIM

reneparopa (U ,,U,,U.), TPOUCXONUT TaK Ha3bIBA€MbIi TMepekoc (a3HbIX
HaIpsHKEHUN NpUeMHHKa (pUCYHOKI3).
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PacueT TOKOB M HampspkeHUH B CXeme 3Be3/bl 0e3 HYJEBOro IPOBOJIA
BBITIOJIHAETCS B CIIEAYIONIEH MOCIeA0BaTeIbHOCTH.

Omnpenensierca HanpsbkeHue (MOTEHIMAN) HEUTPaJbHOM TOUYKHM MPUEMHHKA
110 METOJY JIBYX Y3JIOB:
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Uy 2y WUy
_ ZA ZB ZC
- ’
rac ZN — KOMIUICKCHOC COIIPOTHUBJICHHUC HYJICBOTO IIPOBOAA, IIPHU €TI0 OTCYTCTBUU
Zy=oo.

dazHbIe HAIIPSOKCHUA IIPpUECMHHUKA OIIPCACIIAIOTCA KaK Pa3HOCTH
IMOTCHIHUAJIIOB COOTBCTCTBYIOIIHNX TOYCK!

QAn:QA_Qn’ QBn:QB_Qn7 QCn:QC_Qn'
da3HbIe TOKHN IIPpUEMHHKA OIIPCACIIAIOTCA 110 3aKOHY Oma:
QAn QBH QCH
lA = ; lB = ; lc =
Z, Zy Z:
Komrmuiekcubie MOIIHOCTHU (1)8,3 IMpUCMHHKA:
S,=P,+jO,=U, L,, Sp=F+j0y=Uy, -1,

§C :PC+jQC :an ’]c*

U,

Pexxum paboThl mpueMHHKA ¢ TEPEKOCOM (ha3HBIX HAMPSHKCHUM SBISACTCS
HEHOPMAJIbHBIM U MOJKET MPHUBECTH €ro K BBIXOMy u3 cTpos. [lo sToi mpuunze
HECUMMETPUYHYI0 TpeXx(da3Hylo Harpy3Ky 3alpemiaercss BKIYaTh IO CXeMe
3Be3/IbI O€3 HYJICBOTO MPOBOJIA (HAIPHUMEP, OCBETUTEIBHYIO HATPY3KY).

Cxema TpeyroipHUKa TMPUMEHSIETCS B TOM Cllydae, €Clii HOMHHAIBHOE
dazHOe  HampsOKEHWE ~ MPUEMHHKAa  COOTBETCTBYET  (paBHO)  JIMHEHHOMY
HanpsOKEeHUIo TeHepaTopa. [Ipu coequHeHn: B TPEYTOJIBHUK KOHEI KaXI0H (a3bl
COCIMHSCTCS C HA4YaJloOM TMOCIEAYIOIIed, a TOYKA COSAWHECHHS (BEPUINHBI
TPEYTOJbHUKA) MOAKIIOYAIOTCA K JIMHEWHBIM BBIBOJIaM Tpex(a3HOTO reHeparopa
A, B, C nuHeitnpiMu nipoBogamMu (pUCyHOK94).

Toxu, mpoTekarorue B ¢a3ax MpUEMHUKA TI0 HAMPABIECHUIO OT WX Hadall K

KOHIIaM, HAa3bIBAIOTCS  (pa3HBIMU (Lz:Lpc>Lcy). Toxu, MPOTEKAOIIUE B
JMHEWHBIX MPOBOJIAX MO HAMPABIECHUIO OT F'€HEpaTOpa K MPUEMHUKY, HA3bIBAIOTCS

munennsivu (£, L5, 10).

Ia s Zas
Aol =
s lee _Zsc
B L
Ic Iea  Zea
Co
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B cxeme TpeyroynbHHKa (asHble W JIMHEHHBIC HAMPSOHKCHHS IMPUEMHHKA
ToxaecTBeHHO paBHBI (U ,,, U -, U, ). B 31Ol cxeme Kk kaxaon (a3e nmpueMHUKa
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NOJIBOJIUTCA HEIMOCPEICTBEHHO JMHEHHOE HaIpsyKEHUE TeHeparopa, MpU 3TOM
ornenbHble ¢da3pl paboOTalOT HE3aBUCUMO Jpyr oT Jpyra. Da3Hble TOKHU
ONPEACIISIIOTCS 1O 3aKoHy OMa:

QAB I QBC

] _ _ I _ QCA
L 4p — - Lpc—"—- . Lca— .
ZAB ZBC ZCB
JluHeliHbIe TOKU OMPENENAIOTCA M3 ypaBHEHMM TepBoro 3akoHa Kupxroda
JUIS. BEPIIUH TPEYroJibHUKA, OHU PaBHBl T'€OMETPUYECKOM pa3HOCTU  (ha3HBIX
TOKOB:

Ty=1p—ILeys Lg=Ipc—1L 5 Lo=1cy—Lpe.
B cummerpuunom pexkume (Z,=Z,=Z.=Z,e’) a3Hplc u TUHCHHBIC

TOKU CUMMETPUYHBI, IIPU 3TOM OTHOILLIEHUE UX MOJyJIel cocTaBiseT I/ I=3.
[Tpu HeCUMMETPHUYHON HAarpy3Ke COOTHOIICHHE MEXAY JUHEUHbIMHU U (a3-
HBIMM TOKaMHU OIpEAENseTCs ypaBHEHUsIMU mepBoro 3akoHa Kupxroda. Ha
pUCYHKEIS TOKa3aHa BEKTOpHAas JuarpaMMa TOKOB U HaIpSOKEHUH I
IPOU3BOJIBHON TpexX(a3HOH LeNH IIPU COEAUHEHNH (pa3 B TPEYTOJIbHUK.
+1

A
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8.4 Pacuer cJ10:KHBIX TpPex(a3HbIX Henen

Crnoxnas Tpexda3zHas 1elb, HallpuMep, 00beIMHEHHAs YHEPTOCUCTEMA, MOXKET
coJiepKaTh OOJIBIIOE YNCIO TPeX(Pa3HbIX TEHEPATOPOB, TMHUHN IEKTPOIIEpe1adH,
IPUEMHUKOB Tpex(da3Hoi sHeprun. CxeMa Takoi Lenu npeacTaBisieT co0oi
TUTIMYHBIA IPUMEDP CII0KHOM LIENU IEPEMEHHOTO TOKA. Y CTAHOBUBLIEHCS PEXKUM B
TaKOM cXeMe MOXKET ObITh ONTUCAaH CUCTEMOU anreOpanyecKux ypaBHEHHUM ¢ KOM-
IUIEKCHBIMU KOA(PPUIUEHTAMH, COCTABJIEHHBIX 10 OJTHOMY U3 METOJIOB pacyeTa
CJIOXKHBIX Lienel (MeTox 3akoHoB Kupxroga, MeToa KOHTYpHBIX TOKOB, METOJT
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y3JIOBBIX MOTeHIHan0B). Hanbonee parrioHaabHbIM METOJIOM pacueTa TaKuX
Tpex(azHbIX LIETEH SIBISIETCS METO]I Y3I0BBIX MOTEHIIMAJIOB, IPU 3TOM
COCTaBJICHHE YPaBHEHUN U WX pEUIEHUE POU3BOJAUTCS B MATPUUHOUN PopMme.

B 0Oonee mnpocThIX chydasX BO3MOXKHO IPUMEHEHHE JFOObIX METOI0B
pacyeTa, MO3BOJIAIOIIMX MMOTYYUTh SKOHOMUYHOE penieHue 3anaun. Ha pucynke 96
NPEACTaBIICHa CXEeMa NapaJUieIbHOrO MOAKIIOYEHUS HECKOJBbKUX TpeX(da3zHbIX
MPUEMHUKOB C Pa3IMYHBIMU CXEMaMH COeIUMHEHHUs (a3 K oJHOMY reHepartopy. B
MPEACTABICHHON cXxeMe pacdeT (a3HbIX W JUHEHHBIX TOKOB KaXJOTo U3
MPUEMHUKOB MOXET BBIMOJHATHCS UHAUBUAYAIbHO U HE3aBUCUMO JIPYT OT JApyTa,
a JIMHEWHbIC TOKU MCTOYHUKA OMPEICISIOTCS KaK T€OMETPUUYECKUE CYMMbI TOKOB

BCcex npueMHuKoB, narmpumep, L, =1, +1,, +1,;.
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Kak u3BecTHO, 0OBbenuHeHHas Tpex(dasHas 3HeprocuctemMa paboTaer B pe-
KUME, ONM3KOM K CHMMETPUYHOMY. B CcUMMeETpUYHOM peXHME TOKH H
HAIIPSDKEHHS CMEXHBIX (ha3 OTIIMYAIOTCS TOIBKO YIJIoM casura Ha +£120. Pacuer
TOKOB U HANPSsDKEHUH B YCTAHOBHUBIIEMCS CUMMETPUYHOM PEXKHUME TMPOU3BOIUTCS
TOJIBKO 11 OAHOM U3 (a3, Hampumep g pa3sl A, mpu 3TOM Tpex(dasHble IenH
IPEJICTaBISIIOTCS OAHO(A3HBIMU 3KBUBAJICHTHBIMU cxemamu. Ha pucynke 97
Ipe/CTaBIeHa CUMBOJIbHAS CXEMa Mepelaul SHEPTHH OT TpeX(pazHOro reHepaTopa
K yAaJIEHHBIM MPUEMHUKAM, a Ha pUCyHKe 98 — pacueTHas onHoda3Has cxema A
Toii e 1enu. Ha pacueTHoii cxeme prcyHKa 98 Kax10My 3BEHY dJIEKTponepeaadn
COOTBETCTBYET €0 CTaHAapTHAS CXeMa 3aMeIlCHUS.

reH. Tp-p nan Harp.
[ N
r—--— — -
Pucynox 97
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MeH. TR-p n=n Harp.

Pucynox 98

B pe3ysibTaTe pacueToB ONPEAETAIOTCS TOKM M HANPSHKEHHS BO BCEX
jor
sleMeHTax cxeMmbl mus (assl A, Hanpumep 1, =1e’*. Awmanoruunbie TOkM u
HaIIPpAKCHUA B (I)aSC B onpeacIACTCA YMHOXCHHNEM COOTBCTCTBYIOIIMX BCIWMYHWH
. —j120° 1120°
da3bl A Ha TTOBOPOTHBII MHOKHTENb € *  , a mns ¢aszsl C — Ha MHOXKHATEND € |
HanpUMep:
_ —j120 _ 7 j(a-120)
Ig=1,-e =1-e )

lc — lA .e+j120 — 1°€j(a+120) )
8.5 MomnocTh Tpexda3Hoi Henu U CIOCO0bI ee U3MePeHUs

AKTHBHasi ¥ peakTHUBHAs MOIIHOCTH Tpex(a3zHOoW Ienu, Kak il 000
CJIOKHOM IENH, PaBHBI CyMMaM COOTBETCTBYIOIIHUX MOILTHOCTEH OTIENbHBIX (a3:

P=P +P,+P.=U, ,cosp,+Uzl,cosp, +U_.I.cose.,
0=0,+0,+0.=U I ,singp, +Uyl smp, +U Il sing,,
rane 1y, Uy, I, Ug, Ic, Uc — dazHbie 3HaUEHUS TOKOB U HAIIPSYKEHUM.
B cumMeTrpruuHOM pekuMe MOITHOCTH OTJIEJIbHBIX (a3 paBHBI, a MOIIIHOCTh

BCEH IleMM MOXET OBbITh MOJIydeHa MyTeM YMHOXCHHs (a3HbIX MOIIHOCTCH Ha
gucio ¢as:

P=3F,=3U,1,cosp,
0=30,=3U,l,smg,
— — 2 2 _
§=3§,=P +0" =3U,1,.
B mosydeHHBIX BBIPAKCHHSAX 3aMEHHUM (ha3HbIe BEIUYMHBI HA JIMHEHHBIC.

Jliist cxembl 3Be3/1bI BepHbI cooTHomenust Uy, =U, / J3 ; 1, =1,, Torna momyuum:
P=3.U,-1, -cosg0:(3-Uﬂ -Iﬂ/\/g)-cosgozx/?Uﬂ -1 -cosg.

Jnst cxeMbl TpeyronbHuKa BepHbl cootHomenus: U,=U, ; 1,=1,/ NE) , TOTJ1a
MOJTYy4YUM:

P=3-U¢-Iqb-cosg0=(3-Uﬂ-Iﬂ/x/g)-cosgozx/;Uﬂ-Iﬂ-cosgo
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CrnenoBaresibHO, HE3aBUCUMO OT CXEMbI COSIMHEHHUS (3B€3/1a WU TPEYTrOJib-
HUK) JUIsl CAMMETPUYHOMN Tpexda3zHo 1enu GopMyIibl 111 MOITHOCTEH UMEIOT
OJIMHAKOBBIN BUI:

P=\3U-1-cose [BT1],
Q:\/EUISIH(D [Bap]:

S=3U-1=P*+0* [BA]

B npuBeneHHBIX (popMyiax /it MOIIHOCTEN Tpex(a3HoH LenH MoApa3yMeBatoTCs
JUHENHbIe 3HaueHuss BedMuMH U W [, HO MHAEKCHI NMpU MX OOO03HAYEHHUAX HE
CTaBATCH.

AKTHBHas MOIIHOCTh B 3JIEKTPUYECKOM LIeTIH U3MepseTcs nprudopom, Ha3bl-
BaeMbIM BaTTMETPOM, IMOKA3aHUS KOTOPOTO OMpenesieTcs mo GopMyIie:

W=Uy I -cos(U,"I,)=RelU, -1, |rne U, 1,—BEKTOpHI HAMPSIKCHUS U
TOKa, MOJIBEICHHBIE K 0OMOTKaM Mpuoopa.

W,
5 * CHMMeT-
. pUUHan
<, Harpy3ka
Pucynoxk 99

Jlns  u3MepeHus AakTUBHOM MOIMHOCTH Bcell TpexdaszHoil 1enu B
3aBHCHUMOCTH OT CXEMbI COeAMHEHHUA (a3 Harpy3Ku U €€ XapakTepa MPUMEHSIOTCS
pa3IMyYHbIE CXEMbl BKIIFOUEHUS U3MEPUTEIbHBIX TPUOOPOB.

Jlis u3MepeHusi akTUBHOM MOIIHOCTH CHMMETPUYHOM TpexdasHoil menu
NPUMEHSETCA CXeMa C OJIHUM BaTTMETPOM, KOTOPBI BKIIIOYAeTCs B OHY U3 (a3 u
U3MEpSIeT aKTHBHYIO MOIIHOCTb TOJBKO 3TOM (a3sl (pucyHoK 99). AxrTuBHas
MOIIIHOCTb BCEW LIENM IOJYy4aeTcs ITyTEM YMHOXKEHHs IOKa3aHUs BaTTMETpPa Ha

aucno ¢az: P=3-W =3-U,-1,-cos¢. Cxema ¢ OJHHUM BaTTMETPOM MOXET

OBITh HMCIOJIb30BaHA TOJIBKO JUISI OPUEHTHUPOBAHHOM OLIEHKM MOIIHOCTH U
HEIIPUMEHUMA I TOYHBIX U KOMMEPUYECKUX U3MEPECHU.

JUis n3MepeHusi akTUBHOM MOIIHOCTU B YETBIPEXIPOBOJHBIX Tpex(a3zHbIX
Hensx (Ipyu HaJIMYuW HyJIEBOTO MPOBO/Ia) MPUMEHSETCS CXeMa ¢ TpeMs mprudopaMu
(pucynok 100), B KOTOpOH MPOU3BOAUTCS HU3MEPEHHUE AKTUBHOM MOIIHOCTU
KaX70u (a3l B OTACTBHOCTH, @ MOIIHOCTh BCEH IIEMH OINpeaeseTcss Kak cyMMa
IIOKA3aHUM TPEX BATTMETPOB:

P=W+W,+W,=U,-1,-cosp,+Up-I,-cos@,+U,-I.-cose,.
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Jlnist u3MepeHusi aKTUBHOW MOITHOCTH B TPEXIIPOBOJIHBIX Tpex(a3HbIX
nernsix (mpu OTCYTCTBHM HYJEBOTO IIPOBOJA) TNMPUMEHSAETCS CXeMa C JBYMs
npudopamu (pucynok 101).

I §
Ao —* *@)I

|Use
fa HecHMmMeT-
. pUUHan
Harpy3ka

* Mea
Pucynox 101
[Ipu oTCyTCTBMU HYJEBOro MpoBOJa JUHEIHbIE ((a3HbIE) TOK CBSI3aHBI

MexIy coboii ypaBHenmem 1-ro 3akoma Kupxroga: 1, +1,+1.=0. Cymma
TOKa3aHuUii IByX BATTMETPOB PaBHA:

W+ W, :RG[QAB 'L:]"'RG[UCB '[2]:Re[((_],4 _(_]B)'L: +((_]C_l_]3)'l;:|:
:Re|:(_],4 Lj +Uy <_L: _£)+Qc'l;:|:Re|:QA 'L::|+Re|:QB 'L::|+Re|:(_]c lc*:|:
=P +P,+F. =P

-
Ups p-30° 7

Ura

Pucynoxk 102
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Takum 00pazom, cyMMa Moka3zaHuil JByX BaTTMETPOB paBHA aKTUBHOM Tpex-
(da3HOl MOUIHOCTH, MPU STOM TMOKa3aHWE KaXKIO0ro mpudopa B OTAEIBHOCTH
3aBUCHUT HE TOJIbKO BEJTMYMHBI HArPY3KU HO U OT €€ XapaKTepa.

Ha pucynke 102 nokaszaHa BeKTOpHasi AuarpaMMa TOKOB M HaIpsSKEHUH
JUIsL CUMMETpUYHOM Harpy3ku. W3 auarpamMmbl clieqyer, 4YTO IOKa3aHUs
OTJIENIbHBIX BATTMETPOB MOTYT OBITh ONPEJIETEHBI 110 (HOpMyIam:

WI:Uﬂ-Iﬂ-cos(goJr?,Oo),
w,=U,-I, -cos((p—300),

AHaN3 MOJIyYEHHBIX BBIPAXKCHUN MO3BOJISIET CAENATh CIACAYIONINE BbIBOIBI.
[Tpu aktuBHOM Harpy3ke (¢ = 0), nokazaHus BAaTTMETPOB paBHbI (W= W,).

[pu akTuBHO-MHAYKTUBHOH Harpy3ke(0 < ¢ < 90°) mokasaHue mepBoro
BAaTTMETpPa MeHbIe, ueM Broporo (W, <W), a mpu ¢>60" mokasaHue MepBOro
BaTTMETpa CTAHOBUTCS oTpuuaTeiabHbiM (,<0).

Ipu akTMBHO-eMKOCTHOH Harpyske(0 > ¢> —90°) mokasaHue BTOPOro BaTT-
MeTpa MeHsle, 4eM mepsoro (W1>W2), a npu ¢<—60° mokasaHue BTOpPOro BaTT-
MeTpa CTAHOBHUTCS OTPULATEIbHBIM.

8.6 Bpamaromeecst MATHUTHOE TOJIe

OmauM #3 BaXHEUIIMX JOCTOMHCTB Tpex(a3HOW CHUCTEMBI SBISICTCS
BO3MO>KHOCTh MOJIYYEHUSI C €€ MOMOIIbIO KPYTOBOTO BPaIIAIOIIErocsi MAarHUTHOTO
MOJIsI, KOTOPOE JISKHUT B OCHOBE pabOThl Tpex(asHbiXx MamuH (TEHEpaTOpOB W
JIBUTaTEJIEH).

JIJist moy4YeHus: KpyroBOro Bpallaroierocsi MarHUTHOTO TMOJIsl HEOOXO0UMO
U JIOCTaTOYHO BBIMOJHUTH JIBa YCJIOBHS. YCIOBUE IHEpBoe: Heodoxoaumo 3p
OJIMHAKOBBIX Kartymku (p =1, 2, 3,....) pacmnojoXuTh B MPOCTPAHCTBE TaK, YTOOBI
UX OCH OBUIM PACIONOXKEHBI B OJTHOM MJIOCKOCTH U CIIBUHYTHI B3aUMHO Ha paBHbIC
yriel Aa=360°/3p. YcinoBue BTOpOE: HEOOXOAMMO IPOMYCTUTH IO KATyIIKaM
paBHbIE N0 AaMIUIUTYAE€ U CIABUHYTble BO BpeMeHM Ha Ar=T/3 wiu Awt =
360°/3=120° mepemMeHHBIC TOKH (CHMMETPHYHBIA Tpex(as3ubiii TOK). Ilpu
COONIO/ICHNN YKAa3aHHBIX YCIOBUWA B MPOCTPAHCTBE BOKPYr KaTymieK Oyner
CO3/1aHO KPYTOBOE BPALAIOUIEECS] MArHUTHOE II0JI€ C MOCTOSIHHOW aMIUIUTYAOU
VHIYKUUAH B, BAOJIb €r0 OCH U C MOCTOSHHOM YTJIOBOM CKOPOCTBIO BpPAIICHHUS
Wy

Ha pucynke 103 nmoka3aHo IpoCTpaHCTBEHHOE pacroioxeHue tpex (p = 1)
OJIMHAKOBBIX KaTYIIEK 10/ paBHBIMH yriiaMu B 120° coriracHoO IepBOMY yCIOBHIO.
ITo xarymikam, o HampapieHuto oT ux Hadal (4, B, C) k koHnam (X, Y, Z)
NPOTEKAET CUMMETPUIHBIN TpeXPa3HbIid TOK:
iy=1,sin(ax+0),
ig=1L,sin(at—120°),
ic=L,sin(ot+120°).
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MaruutHOEe moJIe, CO34aBaeMO€ KaXKJIOM KaTyIIKOM B OTAEIBHOCTH,
IPONOPLUOHAIIBHO TOKY KaTymku (B = ki), cienoBaTeIbHO MarHUTHBIE MOJIS
OTJICbHBIX KATYIIEK B LIEHTPE KOOPAUHAT 00Pa3y0T CHUMMETPUYHYIO TpeX(ha3HyIo
cucremy B :

B, = B,,sin(axt+0),
By = B,,sin(wt-120°),
Be= B,,-sin(at+120°).

B 3., 7
X A
‘e 2
N = X
Bg B¢
- ¥

Pucynoxk 103

[TonoxuTenbHblE HANpPABICHUS MAarHUTHBIX TMOJIEW KaXJIOM KaTyIIKU
(BeKTOpOB B4, By, Bc) B IPOCTpaHCTBE ONMPEIEISAIOTCS 10 MPaBUIIy MPABOXOI0BOTO
BUHTA COIJIACHO TIPHUHSTBHIM TIOJOKUTEIBHBIM HAIPaBJICHUSAM TOKOB KaTylIEK
(pucynok 103).

Pe3ynpTupyronuii BEKTOp MHAYKIIMM MarHUTHOTO Mojst B st 1000ro Mo-
MEHTa BPEMEHU MOXKET ObITh HAWJIEH MTyTeM MPOCTPAHCTBEHHOTO CIIOKEHHUS BEKTO-
poB B4, Bp, BcoTaenbHbIX Karymiek. Omnpenenum 3HAY€HUE Pe3YIbTUPYIOLIErO
BEKTOpPA UHAYKIIMM MAarHAUTHOTO MOJISL B 1711 HECKOJIBKUX MOMEHTOB BPEMEHU (Wf =

; 307; 60°. IIpocTpaHCTBEHHOE CIIOKEHUE BEKTOPOB BBINIOJIHUM TpaduyecKu
0% 30°; 60°. I1 €HHOE CHHUE BE B e
(pucynok 104a, 0, B ). Pe3ynbrarsl pacuera CBEJICHBI B OTJEIBHYO TaOIHUITY:

ot B, Bp B¢ B o
0 0 ~J3/2:B,, | J3/2:B, 3/2-B,, 0
30 1/2-B,, -B,, 1/2-B,, 3/2-B,, 30"
60 J3/2:B, | —v3/2:B, 0 3/2-B,, 60°

102



y y y B=3/,
s
e A
n-"" B=3/2 B.
B=3/2
\ T x X X
B: By
alet=0 6) et = 30° B)t = 60"

Pucynoxk 104

AHanu3 TaOauIbl NOKA3bIBAECT, YTO PE3YJIbTHUPYIOLIUNA BEKTOP HHAYKIIHU

marautHoro mois B(4,X,Y) wumeer MOCTOSIHHYIO0 aMIuIuTyny (B.=3/2-B,) u
PaBHOMEpPHO BpaIllaeTCsi B MPOCTPAHCTBE B TMOJIOKUTEIBHYIO CTOPOHY MO
HAIIpaBJICHUIO KAaTylIKU A K Karymke B ¢ YIJIOBOM CKOPOCTBIO @, , PAaBHOU
yIJIOBOM dYacToTe TOKa . B oOmem ciiydae yrioBass CKOPOCTb BpaIlCHHS
MAarHUTHOTO MOJIS 3aBUCHT €I1I€ U OT YMCla KaTylIeK:
w 27
®,=—=——[pag/c] mm [c].
p P
B TexHuKe 7151 XapaKTEPUCTUKHU BPAILIEHUS] MATHUTHOTO TOJISI MOJIb3YHOTCS
MOHSATHEM YaCTOTHI BPAILICHHUS:
60- f
n=""06/mun].

C u3MeHEHHEM 4Yucia p TMPOCTPAHCTBEHHAs KapTMHA MAarHUTHOIO IMOJs
U3MEHSAETCS: NpU p=1 MarHuTHOE TMOJIE MMEET JiBa Mojtoca (WiIu OJHY Hapy
MOJIFOCOB), TIPU p=2 — YETbIpe MOJtoca (WIK 2 mapsl MOJOCOB) U T.JA. (PUCYHOK
105). Ilo sroit mpuumuHe uucio p = 1, 2, 3,... Ha3bIBAIOT YKCIIOM Iap MOJIKOCOB
MarHUTHOTO MOJIS.

YacToTy BpallleHHsI MarHUTHOTO TIOJISI MOKHO U3MEHSTHh  IIJIABHO
W3MEHEHUEM YaCTOTHI MMUTAIOIIETO TOKA f, M CTYNEHYATO - N3MEHEHHEM YHCIIa map
MOJIFOCOB p. B MPOMBINIJIEHHBIX YCIOBHUSAX 00a cocoda peryiupoBaHUs YacTOThI
BpalICHUS TOJIA ABJISIIOTCS TEXHUYECKH U IKOHOMHYECKH Manod()(PeKTUBHBIMU.
[Ipn mocTOSHHOM YacTOTe MPOMBINUIEHHOTO Toka f=50 'l mikaza CMHXPOHHBIX
4acTOT BpalleHHs] MarHUTHOTO TOJIS B (DYHKIIMM YKCJIA Map TMOJIOCOB BBITISIIUT
CJIeIYIOLIUM 00pa3oM:

p, Tap 1noJl. 1 2 3 4 5 6

n, 00/MUH 3000 1500 1000 750 600 500
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N n=3000 N ™ \n=1500

alp=1 6) p=2

Pucynoxk 105

JIns M3MEHEHWsI HampaBJICHUS BpPAIICHUs MAarHUTHOTO TOJSI JTIOCTATOYHO
U3MEHHTD TMOPSIOK clieoBaHus (a3 MHUTAIOMIETO TOKA HIIH, TONPOCTY, IIOMEHSTh
MeCTaMH JIBe JT00bIe (a3bl HCTOYHHUKA MEXKIY COO0il.

8.7 Teopernyeckue 0CHOBBI METOAA CHUMMETPHUYHBIX COCTABJIAIOLIUX

MeTtoa CUMMETPHUYHBIX COCTABIISIONIMX MMPUMEHSETCS JJIs pacuera Tpexdas-
HbIX LIeNeld B HECHUMMETPUYHBIX pexuMax. HecnMmeTpuuHble pEXUMBI B
DHEPrOCUCTEME BO3HUKAIOT IIPU PA3JIUYHBIX BUAAX KOPOTKUX 3aMblkaHUM. Pacuer
TOKOB KOPOTKHX 3aMbIKaHUW — Ba)KHAsi MHKCHEPHAsI 3a/1a4a B DJIEKTPOIHEPrETUKE,
KOTOpasi PEMIAETCs METOJIOM CUMMETPUYHBIX COCTABIISIFOIINX.

Marematuuecku Jto0ass HeCUMMETpUYHas TpexdazHas cUCTeMa BEKTOPHBIX
BEJMYUH (HANpPsHDKEHHUM, TOKOB U JIp.) MOKET OBbITh MPEACTABJICHA B BUAE CyMMBbI
(3aMeHeHa CyMMOW) U3 TPEX CUMMETPUYHBIX TpeX(a3HbIX CUCTEM, a UMEHHO: a)
CHUCTEMBI TIPSIMOM TOCJIEIOBATEILHOCTH C TPSIMBIM TOPSIAKOM CielnoBaHus Qa3
A—B—C—A; 6) cucteMbl 00paTHOM MOCIEAOBATEILHOCTH C OOPaTHBIM MOPSIIKOM
cnenoBanusi a3 A—C—B—A; B) CHCTEMBbI HYJIEBOH MOCIECIOBATEILHOCTH, KO-
TOpasi COCTOMT M3 TPEX PaBHBIX BEKTOPOB, coBMamarmmmx 1o ¢ase. OTneapHbIe
CUMMETPUYHBIE  CHCTEMBI  BEKTOPOB, Ha  KOTOpPbhIE  paCKJIaJbIBACTCA
HECUMMETPUYHAs CHUCTEMa, HAa3bIBAIOTCI CUMMETPUYHBIMU COCTABIISIIOLIUMH.
Bekropa CHMMMETPUYHBIX COCTaBIAIOMIMX HHACKCUPYIOTCS Hubpamu: 1 — and
PsIMOi MOCJEI0BATENLHOCTH, 2 — NIl 00OpaTHOM nocienoBareabHoCTH U 0 — ams
HYJIEBOU MTOCJIEI0BATEIbHOCTH.

Ha pucynke 106 npencraBieHbl CAMMETPUYHBIE COCTABIIIOIIME HEKOTOPOI
HECUMMETpUYHOM TpexdazHou cuctemsl HanpsixeHudt Uy, Up, U

B MmeTolle cMMMETPUYHBIX COCTABISIOMIMX Ui YIPOIEHUsST (OPMbI 3alKiCH

o 1120° o
YpaBHEHUHN I1OJIB3YIOTCS Koatb(bHHI/IeHTOM a=¢e’ (HOBopOTHLIH MHO}KHTeJIb),

. 0
YMHOXXEHHEM Ha KOTOPBIN MOBOPAYUBAIOT BEKTOpP Ha yros B 120° 6e3 u3mMeHeHHs

o . 0 . 0 3
ero moayns. CBoiicTBa NMOBOPOTHOrO MHOXuTens: a” =e’** =/ a’ =1,

a'=a, 1+a+a’=0.
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Pucynoxk 107

Bektopa MCXOIHONM HECHMMETPUYHOM CHCTEMBI  ONPEACISIIOTCS 110
NIPUHLNINY HAJIOKEHUS KaK T€OMETPUUYECKUE CYMMBI COOTBETCTBYIOIIMX BEKTOPOB
CUMMETPUYHBIX COCTABIIIOIIUX:

(_]A = (_]Al + (_]AZ + (_]AO
Up =Up +Up, + U,
Ue=UqH+Uc +Ug
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['eomeTpuyeckoe CloXKeHUE BEKTOPOB CUMMETPHUUYHBIX COCTABISIONIUX CO-
IJIaCHO 3TUM YpPaBHEHUSIM MOKa3aHo Ha pucyHke 107.

[1P-4) [13 29’

Wcrnonb3ys MOBOPOTHBI MHOXKUTENb “a” U “a”, BbIpa3uM BCE CllaraeMble
IpaBOil YacTH ypaBHEHUH Yepe3 CUMMETPUYHBIE COCTaBIsoMmuMe (Hhas3pl A:

vu,=tu,+u,+U, (8.7.1)
Uy = a’ Uyta-U,+Uy (8.7.2)

2
Uc=a-Up+a - Up+Usy  ooq

YMHOXXHUM Bce ujieHbl ypaBHeHUs (8.7.2) Ha “a”, a Bce 4JieHbl YpaBHEHUS
2
(8.7.3) Ha “a”, CIOKUM BCE€ TPU YpaBHEHUS MOUYJICHHO U TOJTYYUM:

U,+a-U,+a* U, =l_]A1-(1+a3+a3)+(_]A2-(1+a2+a)+(_]A0-(1+a+a2)=

=3-U,;+0-U,,+0-U,,=3-U,
W3 momydyeHHOTO YypaBHEHHUS ciefayeT ¢opMyna s BbLACICHUS
CUMMETPUYHOU COCTaBIIAIOLIEH IIPSIMOU [I0CJIEI0BATEIBLHOCTH u3
HECUMMETPUYHOU CUCTEMBI BEKTOPOB:

Uy =5(Ui+aUy+a U

2
YMHOXHUM Bce WiieHbl ypaBHeHUs (8.7.2) Ha “a™”, a Bce WJIEHbl YpaBHEHUS

(8.7.3) Ha “a”, c10XUM BCE TPU YpaBHEHHUS MOWICHHO U MOJYUYHM:
2 _ 2 3 3 2 _
U,+a -QB+a-(_]C_(_]A1-(1+a+a )+(_]A2-(1+a +a )+QAO-(1+a +a)_

=0-U,;+3-U;,+0-U,p=3-Uy
N3 mnomyueHHoro ypaBHeHusl cieayeT ¢opmyia I BBIICICHHS

CI/IMMeTpPI‘IHOﬁ COCTAaBJISIFOIICH 06paTHOﬁ IMOCJIaCaA0BATCIIBHOCTHU n3
HCCI/IMMeTpI/I‘-IHOﬁ CUCTCMBbI BCKTOPOB:

U Z%'((_]A'*'az'(_jza"'a'(_]c).

Cnoxum Bce Tpu ypaBHeHus (8.7.1), (8.7.2) u (8.7.3) mowieHHO u

MOy YrM:
U,+U,+U,.=U (+a*+a)+U ,(1+a+a’*)+U ,,(1+1+1)=3U ,,.
N3 mnonydeHHOro YypaBHeHUs cieayeT ¢Gopmyna Ui BBIICICHUS

CUMMETPUYHOU COCTaBIIAIOLIEN HYJIEBOU [I0CJIEI0OBATEIILHOCTH u3
HECHMMETPUYHON CUCTEMBI BEKTOD:

1
U 25'(QA+QB+QC).

[Tonyyennsie (GopMysibl MPUMEHSAIOTCS HA MPAKTUKE IS Pa3JIOKEHUS
HECUMMETPUYHBIX  Tpex(a3HbIX CHUCTEM  BEKTOPOB Ha  CHMMETpPUYHbBIC
COCTABJISIIOLIHE.
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8.8 Pacuer pe:xxuma cumMMeTpH4YHON Tpex¢a3HON HATPY3KH NIPH
HECMMMETPHYHOM HANPSKEeHUHU

IIyctb K  cuUMMeTpUYHOMY Tpex(asHOMYy NPUEMHMKY, HaIlpUMeEp
IIEKTPOJABUTATEINIO, IIPWIOKEHA HECUMMETPUYHAsL cucTeMa Hanpsbkeauit Uy, Us,
Uc. Ins nony4yeHust 00IMKUX 3aKOHOMEPHOCTEN BBEAEM B CXEMY HYJIEBOI IIPOBOJ C
conpoTtusieHueM Zy. Cxema nenu npumet Buj (pucyHok 108):

Ia Zao

A

Pucynoxk 108

Paznoxxum Hecummerpuunyro cucteMy Hanpspkeuuut Uy, Up, Uc- Ha cUMMeET-
Yy, Up Uc
pUYHBIE COCTABJISIOIINE TIPSAMOM, 00paTHON 1 HYJIEBOH MOCIIEA0BATEILHOCTEH:

Uy :%°((_]A+a_(_]3+a2 '(—]C)»

Up Z%'(UA'*'GZ'(_]B"“Z'(_]C),

1
U :g'(l_]A +U, +QC).

[IpuMeHNM K pacdeTy CXeMbl METOJI HAJIOKEHUS U BBIIIOJIHUM pacyeT TOKOB
OTJENbHO JJIS1 KaXJA0H CUMMETPUYHOM COCTaBJISIONIEN HanmpspkeHus. Tak kak juis
KOKIOW W3 CHUMMETPUYHBIX COCTAaBILIIOIIMX TpexdaszHas cxema TIeHepaTop-
IPUEMHHUK IIOJHOCTBIO CUMMETPHUYHA, TO PacyeT PEKHMMa MOYKHO BBIIOJIHATH
TOJIBKO JUIsl OJHOM (a3l A, COOTBETCTBEHHO Tpex(a3sHylH0 CXEeMy ClenyeT
3aMEHUTH TPEMS OJHO(A3HBIMHU OTIENBHO Ul KaXI0H COCTaBIAIOLIEH (pUCYHOK
109a, 0, B). B cuMMmerpuuHOM pexume OIS TOpAMOM U 0OpaTHOU
NIOCJIEIOBATEIBHOCTEH TOK B HYJIEBOM IPOBOJIE PABEH HYJIO U, CIIEJOBATEIBHO,

nanpsokerne U,y =0, D10 o3Hauaer, 4TO CONPOTHBICHHE B HEHTPAILHOM

IPOBOJIE Zy HE OKa3bIBAET BJIMSIHUS Ha (ha3HbIe TOKU U HE JOJDKHO BKJIIOYATHCS B
CXeMbl JUIsl 3TUX ToclieqoBaTenbHocTe (pucyHok 109a, 6). Toku HyneBoi
MOCJIEIOBATEILHOCTH BO BCeX (ha3ax COBIMAJAIOT MU MOTYT 3aMKHYTHCS TOJIBKO
yepe3 HysneBou npoBoj: Iy = Lo + Igo + Lco = 314. Tlo 2-my 3akony Kupxroda
JUTSL HYJIEBOM TOCIIEA0BATEIbHOCTH TOJIYUHM:
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Ui = LioZo + InZn= Lio(Zo + 3Zx)

CoryacHO TMOJYYEHHOMY YpPaBHEHHMIO CX€Ma 3aMeIIEHUsi Il HYJIEeBOM
MOCJIEA0BATEILHOCTH NOJYYUT BUJ (pucyHOK 109B), B KOTOpOIl MOCIe0BATEIBHO
C compoTuBieHHeM (a3bl Z) BKIIOYAETCS YTPOCHHOE COMPOTUBIECHUE HEUTpan
3Zy.

B cxeMax g oTHeNbHBIX CUMMETPUYHBIX cOCTaBsonmX (pucyHok 109a,
0, B) o0o3HaueHwl 2|, _£,, Zy - KOMIUIEKCHBIC COMPOTUBICHUS (pa3bl MPUEMHHUKA
JUISL TOKOB COOTBETCTBEHHO MPSIMON, OOpaTHOM M HYJIEBOW MOCIEI0BATEIbHOCTEH.
JInsi NpUEMHUKOB € BpallalONIMMCS MarHUTHBIM TIOJIEM 3TH CONPOTUBIICHUS
CYILIECTBEHHO OTJINYAIOTCS.

I £ I Z5 U 4y
A, s o] A, > i
C) a ()Uﬂ‘)
n N
a) 0)

Pucynoxk 109

[To 3akony Oma B kaxiaod u3 cxeM pucyHka 109a, 0, B mpou3BOIUTCA
pacdeT TOKOB MPSIMOI, OOpaTHON W HYJIEBOW MOCIIEIOBATEILHOCTEH:
QAl — —_Az QAO
lm:—; lAz_ s Lao T 5 .
Z, Z, Z,+3Z,

JleficTBUTEIbHBIE TOKA B UCXOAHOM cxeme (pucyHok 108) onpenenstorcs mo
METOJIy HAJIOXKEHHUsI, KAK BEKTOPHBIE CYMMbI TOKOB MPSIMOM, 0OpaTHOM M HYJIEBOU
ITOCJIEJOBATEIILHOCTEH

Li=Ly+ 1L+,
Ly=1Ip + I+ Ino=a’-Liy ta-Lp + Lo ,
Le=1ci+ 1o+ Ico=a-ly +a Lo+ Ly .

KommuiekcHbie compoTtuBieHus: ¢a3 CTaTUUHBIX Tpex(da3HbIX MPUEMHHKOB
(ocBeTuTENBbHAS HArpy3Ka, HarpeBaTeIbHbIE MPUOOPHI U Jp.) HE 3aBUCAT OT BUJIA
MOCJIEIOBATENBbHOCTH, JUJII TAKUX NMPUEMHUKOB Z, =Z, =Z,. Pacuer TOKOB Takux
MPUEMHUKOB MOJKET BBIMOJHATHECA OOBIYHBIMU MeTofamu. Jlmst TpexdazHbix
NPUEMHUKOB, B KOTOPBIX CYIIECTBYET BpalllalONICecsi MArHUTHOE TIOJIe
(3MEeKTpOABUTATENIM, TEHEPATOPhI), COMPOTHBICHUS (a3 I TOKOB PAa3HBIX

IIOCJIeI0BATEIILHOCTEH CYIIECTBEHHO oTymyarorcs (Z, > Z, > Z,). Pacder TokoB

TAKUX IMPUCMHHUKOB IIPU HCCUMMCTPUYIHOM HAIIPSIKCHHUUN NOJIKCH IMPOU3BOAUTHCA
HCKIHOYUTCIBHO MCTOAOM CUMMCTPHYHBIX COCTABJIAIOIINX.
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8.9 Pacyer TOKOB KOPOTKHMX 3aMbIKAHUI B JHEProcucTeMe MeTO10M
CHMMETPHYHBIX COCTABJISIOINX

B pesynbraTte paznuMyHOrO BHJIA KOPOTKUX 3aMBIKAHUWA B CIOXKHOU
HSHEPrOCUCTEME BO3HUKAECT HECUMMETPUYHBIA pEXUM. PacdeT TOKOB KOPOTKHUX
3aMbIKaHUM B Pa3JIMYHBIX TOYKAX SHEPrOCUCTEMBI ABJISECTCS BAKHON MHKEHEPHOUN
3agaueid.  Takxe  pacyeTbl  BBIMOJHAKOTCS ~ METOAOM  CHMMETPUYHBIX
COCTaBJISIONINX.

B kadectBe mpuMepa paccCMOTPUM OIPEACIICHHE TOKa OIHO(A3HOTO
KOPOTKOTO 3aMbIKAHUS HA 3€MIJIIO B 3aJJaHHOW TOYKE MPOCTEUIIECH SHEPrOCUCTEMBI.
CumBoibHAsg cxeMa »BHeprocucteMbl TNokazaHa Ha pucynke 110. Kopotkoe
3aMbIKaHue (as3bl A Ha 3eMITIO IPOUCXOINUT B KOHIIE JIMHUU AJICKTPOIICPEIAYH.

leH. Tonl 20 I}DQ Harp.

Zu
Pucynoxk 110

B cooTBeTcTBMM € TeEOpeMOW O KOMIIEHCAIIMM 3aMEHUM (MBICIEHHO)
HECUMMETPUYHBIA y4aCTOK B TOYKE KOPOTKOTO 3aMbIKaHUS HECUMMETPUYHBIM
tpexdazupiM TeHepatopoM (U, Uz, Uc, npuuem U, =0). HecummerpuuHyto
CHUCTEMY BEKTOPOB HANpPsSHKECHUH pas3loXuM (MBICJICHHO) HAa CHMMETPUYHBIC
cocrapisirone Uy, Uy, Uy i KaxkIOH M3 CHMMETPUYHBIX COCTABISIOIIUX
CXeMa IIeMd COBEPHIEHHO CHMMETPUYHA M MOXET ObIThb TMpEACTaBICHA B
omHodazHom Buze. [losTomy cocTaBisitoTCs OMHOGMA3HBIC CXEMBl IJIsI MPSIMOU
(pucynok 111), oOpatHoii (pucyHox 112) wu HyneBoit (pucynok 113)
MOCJIEIOBATEILHOCTEM.

L e Zm o Lrn
L 1 1 |
l I
0 “ 1]
b
Pucynok 111
Lo L g o Lo
L 1 - |
| 1o
(L

b
Pucynoxk 112
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Pucynox 113

Jlanee B COOTBETCTBHH C TEOPEMOU 00 PKBHBAJICHTHOM T€HEPATOPE MIPOU3BO-
JIATCSl CBEPTKA PACUYETHBIX CXEM JJISI KaXKJIOW M3 CUMMETPUYHBIX COCTAaBIISIOLINX
OTHOCHUTEJIBHO BBIBOJIOB HECUMMETPHUYHOTO ydyacTka ab. B pe3ynbrare CBEpTKH
MOJTY4YaroTCsl TPOCTEHIITNE OJHOKOHTYPHBIE CXeMbl (pUCYHOK 114a, 0, B):

Z a Zs a Zn a
l

ha | o | han

Qe w@ | = O] = ]

Pucynok 114

Jnsa xaxmoil u3 pacueTHbIX cxeMm (pucyHok 114a, 6, B) cocTaBistOTCS
ypaBHeHus 1o 2-my 3akony Kupxroda:

L,-Z,+U,=E,
L, Z,+U ;=0
Ly Zy+U, =0
B nonyuenHoit cucreme ypaBHeHuit Kupxroda comepkurcst 6 HEM3BECTHBIX
BenmuuuH (141, Lp,La0,Us1,U42,Uy9) M €€ HEMOCPEACTBEHHOE PEIICHUE HEBO3MOXKHO.
[TosTomy cuctema ypaBHeHui Kupxroda nomomHseTcs Tpems HEIOCTaAINUMU
YpaBHEHUSIMHU,  BBITEKAIONIMMM W3  BHUJA  KOPOTKOTO  3aMblkaHusd. B
paccMaTpuBaeMOM IMPUMEPE B TOUKE KOPOTKOTO 3aMbIKaHMs HampshkeHue (asbl A
paBHo Hymo (U, = 0), a Ttakke Toku a3 B u C paBHbl Hym0 (I3 = Ic = 0).
JlomomHUTENBHBIC YpaBHEHUS OYIyT UMETh BUI:
U,=U,+U,,+U, =0
— 42 _
Iy=a-1,+a I,+1,,=0

Io=a-1, +a’ L+, =0

B pesynbTare COBMECTHOIO PELICHHSI CUCTEMBI U3 6-M YpaBHEHUI OIpeiesis-
FOTCSI CHAMMETPUYHBIE COCTABIISIIOIINE TOKOB 141, 10,0 40.

110



8.10 ®uabTpbl CHMMETPUYHBIX COCTABJIAIOIIUX

@uiapTpaMy CUMMETPUYHBIX COCTABJISIOIINX HA3BIBAKOTCA TEXHUUECKUE YCT-
pOMCTBA WM  CXEMbl, CIyXKallkue€ JJISI  BBIIEICHUS  COOTBETCTBYIOLIUX
COCTaBJIAIONIUX TOKOB WM HaNpsDKEHUHW W3 HECUMMETPUYHOU TpEXPazHOoU
CHUCTEMBI BEKTOPOB.

Hampsoxenus u TOku, BeIACIIEMbIe PUIBTPAMHA CUMMETPHUYHBIX COCTABJISIO-
IIMX, UCTIOJIB3YIOTCSI HA TPAKTUKE B KAYECTBE BXOJIHBIX BEJIMYMH JIJIs1 PEJICMHOM 3a-
IIUTHI SHEPTETHUYECKUX YCTAHOBOK (T€HEPaTOPOB, TPAHC(HOPMATOPOB, JIMHUNA JTCK-
Tpomepeaaur) OT HECUMMETPUYHBIX PEXKHUMOB, BO3HUKAIOIUIUX B peE3yJbTaTe
KOPOTKMX  3aMbIKAHWUW, WM JJI COOTBETCTBYIOUIEM CHUTHAIM3ALUU O
HECUMMETPUYHOM PEKUME.

Ha pucynke 115 npencraBineHa cxema (uUiIbTpa HaNpsKEHUS HYJIEBOU
nocienoBarenbHocT. Cxema  ¢Quubtpa coctouT M3 3-X  OJMHAKOBBIX

Wl
TpanchopMaTopoB ¢ KoddduumuenToM TpanchopMarmu Kr :_w . IlepBuunblie
2

06MOTKM TpaHC(HOpMATOpOB BKMoueHs! Ha (asHble Hanpsxenus U ,, Uy, U no
CXEMe 3BE€3/1bl C HYJIEBOM TOUYKOM, @ BTOPUYHBIE — B OTKPBITHIN TPEYTOJIbHUK.

I
]

HecummieT.

HAlIDw3Kd

Uﬂ}‘{HT UFU';HT UP;HT

U:u-.rv

Pucynoxk 115

Hampsixkenue Ha BbIxoJe (uUIbTpa pPaBHO BEKTOPHOM CyMME BTOPHYHBIX
HanpspKeHU TpanchopmMaTopoB:

1 1 1 1

erlx = _QA +_QB +_Qc = _(QA +QB +QC)
Kr Kr Kr Kr
1
VuureiBas, 4TO U,= g(Q U +U C) , Oy YHM
3 3
U = K_QAO =Ko Ui, rne Koo = Pl kodhpunreHT GubTpa.
T T
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OunbTp HapPsHKEHUN 00paTHOW MOCIEI0BATEILHOCTH PEATU3YETCs CXe-
MOH Ha puCyHKe 116 mpu ciaeayromux COOTHOUICHUAX MEXIY IapamMeTpaMu

3
3JIEMECHTOB: R =R, — =3 ,

1
= arct € = arcto| —— | =-30°

3

R

] i
L
far [T:Fo ‘
b

UEI:-I}{

B .'th"‘ /A :—_KT ‘
[ ]
L

C

A e

R=
Pucynoxk 116

HaHpﬂ}KCHI/IC Ha OTACJIBHBIX Y4aCTKaxX CXCMBbI C YUYCTOM 3aJlaHHBIX COOT-
HOILICHUH MCXKAY IapaMCTpaMHu 3JICMCHTOB!:

U,.-R 1
U,=1, -R ==48 "2 __
U =Lyp 14 R +R, o = 4B
) U, \—jX U U 1 .
ch:ch'(_]Xc): ]?C( . C): _Bj’{ :_if)o:_gzac'emo
s —JX¢ 2e’ 2

1+ j—
XC
BrIxoiHOE HanpspKeHHE QUITBTpA:

1 P
stzx :Qab +ch :E(QAB +QBC "€ o0 )

[Ipeobpazyem (opmyiy st HaOpsHKEHUST 0OpaTHOW IMOCIIENOBATENIbHOCTU
nyTeM J00aBiIeHUs U BbIYUTaHUS wieHa aUg:

U, =§(QA+a2 U, +a-gc)=§(QA+a2 Uyta-Uy—a-Uy+a-Ug)=

:%[QA +(612 +Cl)'QB _a‘(QB _QC)]:%I:(QA _QB)"'e_jw '(UB _UC)]:

B %(QAB +U e’ )

CpaBHMBas IOJIyYEHHOE YPaBHEHUE C MPEIbIAYIINM, HAUIEM:

3

Ugn = EQAZ =Kgy U 1o, rie Koz = 5— korduieHT GuibTpa.
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BexTopHas aumarpamma HampspbkeHUR ¢GuibTpa mokazaHa Ha pucyHke 117a —
JUIs. CHMMETPUYHOIN CUCTEMBI HalpsKEHU OOpaTHOM MOCIEeN0BaTENbHOCTH, U Ha

pucynke 1176 — I CUMMETPUYHOM CHCTEMBbl HAMpPSOKEHUH  MPSIMOM
[IOCJIEI0BATEIILHOCTH.
+1 +1
A A
Uipa Ul 2 Un Ui
a UR3a
BBIX
+ +
., Ue
B U BC C C UBC B
e\ Uppix = Unp =0
BhIX ah
b
a) 0)

Pucynoxk 117

Tak kak cucTembl PSMOM M OOpaTHOW MOCJIEAOBATEILHOCTEN OTINYAIOTCS
TOJIbKO TIOPSJIKOM cienoBaHus ¢a3, TO M3 OTOro cileayer, 4To (QUibTp,
BBIICJISIIOIINI HANPSDKEHUE OJHOM U3 3THX MOCJEeI0BATEIbHOCTEH MpeBpallaeTcs B
aHAJOTUYHBIA (QUIIBTP JJIS BBIJCICHUS HANPSHKEHUN APYrod mociueaoBaTeIbHOCTH
yTeM MEePEeCTaHOBKH JIIOObIX IBYX (pa3 MECTaMH.

9 DylekTpUUYecKHe HeNy NePUuoIUIeCKOro HeCMHYCOUIATbHOI0 TOKA
9. 1 O0mume onpeaereHUus

Kak u3BeCTHO, B DJIEKTPOIHEPIETUKE B KAUECTBE CTaHIAPTHOM (HOpMBI 1Jis
TOKOB M HANpsDKEHUH NpuHATAa CHUHycounaidbHas ¢opma. OmHAKO B peanbHbBIX
yCcIoBUSX (OPMbI KPUBBIX TOKOB M HANpPSHKEHUH MOTYT B TOM WJIM MHOM Mepe
OTIUYATBCS OT CUHYCOMAANBHBIX. MckaxkeHus (opM KPHUBBIX 3TUX (DYHKUIUN Y
IPUEMHUKOB NMPUBOJAT K JIOMOJHUTEIBHBIM MOTEPSAM 3HEPIrUU U CHUKEHUIO HX
ko3 ¢unmenta mnone3Horo AeictBus. CHHYCOMAATbHOCTH (OPMBI  KPHUBOU
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HalpsOKEHUST  TeHepaTopa  SIBJISIETCS OJHMM M3 TOKaszaTeledl  KadyecTBa
AIEKTPUYECKON SHEPTUU KaK TOBApA.

Bo3mokHBI cienyronye NpuIruHbl UCKaXeHUsT (POPMBbI KPUBBIX TOKOB U
HANPSKEHUN B CIIOKHOM LIETIH:

1) Hanmuyue B AIEKTPUUECKOW IIEMU HEIMHEHWHBIX AJIEMEHTOB, MapaMeTphl
KOTOPBIX 3aBUCST OT MTHOBEHHBIX 3HAUEHUM TOKa W HampsikeHus [R, L, C=f{u,i)],
(HanpuMep, BBIIPSIMUTENIbHBIE YCTPONUCTBA, JJIEKTPOCBAPOYHbIE arperaThl U T. 11.);

2) Haau4ue B AJIEKTPUUYECKON IeNMu MapaMeTpUUYECKUX SJIEMEHTOB, mapa-
METpPBI KOTOPBIX U3MEHSIOTCS BO BpeMeHH[R, L, C=£(1)];

3) HCTOYHMK SJIEKTPUYECKOW 3Hepruu (Tpex(as3Hblii Te€HepaTop) B CUILY
KOHCTPYKTHUBHBIX ~ OCOOCHHOCTEH  HE  MOXET  OO0eCHeYuTh  HACATBHYIO
CUHYCOHMJIATTbHYIO (DOPMY BBIXOTHOTO HANIPSHKCHHUS;

4) BIWSHHE B KOMIUICKCE TICPEUMCIICHHBIX BHIIIE (PAaKTOPOB.

HenuHeitHple W mapaMeTpUyYecKue LENH PACCMaTpPUBAIOTCS B OTAECIBHBIX
maBax kypca TOD. B HacTosiieil riaBe HMCCIEIYyeTCs MOBEICHUE JMHEHMHBIX
ANEKTPUYECKUX LENel Npu BO3ACHCTBUM HAa HUX HCTOYHUKOB DSHEPrUU C
HECUHYCOUIaIbHOU (DOPMOM KpUBOIA.

9.2 Pa3Jio:keHHE MEPUOANIECKUX HECHHYCOUAIbHBIX (DYHKUMH B
rapMoHuveckui psaa @ypne

N3 kypca mMareMaTuku W3BECTHO, YTO Jt00Oas MepHOoANYecKas (QyHKIHS
BpeMeHH f(f), yIOBIETBOpsIOIas ycaoBusiM Jupuxie, MoKeT ObITh IIPE/ICTaBICHA
rapMOHUYECKUM psiioM Dypre:

k=00
f(ot)y=A, + A sin(ot +a,)+ A, sinQat + ) +...= A, + ZAk sin(fkot +a,) .
k=1
3nech Ay — MOCTOSIHHAS COCTAaBIISIONIAs, Ak SiIl(kCr)t + ak) —k-s1 TapMOHUYE-

CKasi COCTaBJISIIOIIAS WIIM COKPALICHHO k-5 TaApMOHMKA. |- rapMOHMKA Ha3bIBACTCS
OCHOBHOMH, a BCE MOCJIEAYIONINE — BBICIIMH.

AMITIUTYIBI OTAETBHBIX TAPMOHUK A, HE 3aBUCAT OT CIOCO0A PA3I0KECHUS
bynkuuu f{t) B psag Oypbe, B TO ke BpeMs HadallbHbIe (a3bl OTACIbHBIX TAPMOHHUK
@, 3aBUCAT OT BBIOOpa Hayaja oTcueTa BpeMeHHU (Hayasia KOOpIuHAT).

OTtaenbHbIE TAPMOHUKH psAsla Pypbe MOKHO MPEACTABUTH B BUJIE CYMMBI CH-
HYCHOM ¥ KOCHHYCHOW COCTAaBJISIIOIINX:

A, sin(kaxt +a, ) = A4, -cosa, -sinkax + 4, sina, -coskat = B, sinkat +C, coskar
Torna Bech psg Pypbe MOTYyUUT BUL:

k=00 k=00
f(ot)=A4,+ ZBk sin ket + ZCk coskawt
k=1 k=1

CootHomienus Mexay ko3dduirentamMmu AByx ¢opM psina Oypbe UMEIOT
BUJL:

: C
B, =4, cosa,; C,=Asina,; A =+B°+C’; «a, :arcth—"_

k
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Ecin k-10 rapMOHHMKY M €€ CHHYCHYI0 W KOCHUHYCHYIO COCTABIISIFOLINE
3aMEHUTh KOMIUIEKCHBIMU YHMCJIAMH, TO COOTHOIIEHHE MEXIy Kod3pduireHTamu
psna @ypbe MOXKHO MPEACTABUTH B KOMILJIEKCHOU (hopMme:

A, sin(kot+a, )= B, sinkawt + C, coskat < A,e’ =B, + jC, .
Ecnu nepuoanueckas HecuHycouaanbHas (yHKIUS BpEMEHHU 3ajaHa (Uiu
MOKET OBITh BBIpa)KeHa) AHAJIMTUYCCKN B BUAC MATCMATHYCCKOT'O YPABHCHUS, TO

K03 uimeHTs psina ypbe onpenesstorces no GopMmynaM, U3BECTHBIM U3 Kypca
MaTEeMaTHKU:

1 T 1 2
A= j f@y-de=—— J f(@t)-d(@),
B, = 2 j £(t)-sin(kar) - dt = 1 j f(at)-sin(ket)- d(at)
T 0 T 0 ’

C, = 2j'f(t) -cos(kat)-dt = 12J?f(a)t) -cos(kat)-d(at)
T 0 4 0 ’

C
A =B’ +C.; «a, :arcth—".

k

Ha mpakTtuke wuccinenyemas HecuHycowaaibHass GyHKOUSA f(f) OOBIYHO
3a7aeTcs B BUAE TIpaduyeckoil nuarpammbl (rpaduyecku) (pucyHok 118) wiu B
BUJI€ TaOJMIBI KOOPAMHAT TOYeK (TaOJIMYHO) B MHTEPBAJC OJHOTO TEPHOJIa
(tabmuma 1). UToObl BBINOJIHUTH, TAPMOHMYECKUU aHalW3 TaKoW (PYyHKIMH IO
MPUBEJCHHBIM BBIIIEC YPAaBHEHUSM, €€ HEOOXOAMMO TMPEIBAPUTEIHHO 3aMEHUTH
MaTEMaTUYECKUM BBIpOKCHHEM. 3aMeHa (YHKIIUH, 3aJaHHOW TpadudecKd WIn
Ta0JIMYHO MATEMAaTUYECKUM YpaBHEHWEM, TMOJyYWIa Ha3BaHHUE AIlMPOKCUMAIINH
byHKIIH.

bl 7

£

L by

Pucynoxk 118

Tabruya I

115



m 0 1 2 3 M
Ly ly 41 15 &) T
o Jo il [ ME Jo

B Hacrosiiee Bpemsi TapMOHUYECKUN aHAJIN3 HECUHYCOUIATbHBIX (DYHKIIMMA
BpeMeHH f(f) BBIMOJHAETCS, Kak mpaBuio, Ha DBM. B npocreiimem ciydae ajs
MaTEMaTUYECKOro MPEACTaBICHUS (DPYHKIIMU TPUMEHSETCS KyCOYHO-TMHEHHas
annpokcumanus. Jis 3Toro Best PyHKIMS B MHTEpBaJIe OJHOTO MOJIHOTO MEPHOa
pazouBaetrcsi Ha M=20-30 y4yacTKOB TakK, YTOObI OTJEJbHBIC YYACTKH OBUIA MO
BO3MOXKHOCTH OJImKe K MpsMbIM JIMHUAM (pucyHOK 118). Ha oTaenbHbIX ydyacTkax
GyHKIMS ~ annmpoKCHMHUpYETCsl  ypaBHeHuUeM mpsimout  f,(f)=a,+b, t, TIE
Kod(pbuLMeHThl anmpokcumanuu (a,, b,,) OnpeaeNsitoTcs sl KaXJI0ro ydacTka
yepe3 KOOPAUHATHI €r0 KOHEUHBIX TOYEK, HAapUMeEp, Uil 1-ro ydacTka NoJydrM:

_fl'tl_fz'tz b _fz_fl

a, = : 1=

-t ’ [,

[lepuon ¢dyuxkmum 7 pa3buBaeTcs Ha OONBIIOE YHCIO  IIIAroB

T
MHTErpUpoBaHus N, mar naterpuposanus Af =h = 7y > Tekyluee Bpems t=h-i, rne

[ — NOPSAAKOBBIA HOMEpP IIara MHTErpupoBaHus. ONpeneNeHHbIE WHTErpajbl B
(opMysiax rapMOHHYECKOIO aHAIN3a 3aMEHSIOTCSI COOTBETCTBYIOLIMMU CyMMaMH,
UX MOJCYET BbINONHAETCS HAa OBM 1o meTony Tpaneuuid Wik NpsMOyTrOJIbHUKOB,
HaIpuMep:

71 2!’=7VM 27
B, =?£f(t)-31n(kwt)-dtz?;(Gm +b, 'fi)‘sm(k7‘ti)'h.

=1
Jlna onpenenieHnss aMIUIUTY [ BBICIIMX TAPMOHUK C JOCTATOYHOM TOYHOCTBIO
(0% <1%) 4YHCIIO IIar0OB UHTETPUPOBAHUS JOJDKHO COCTABIIATH HE MEHEE 100k, rne
k—HOMep TapMOHUKH.
B TexHuke nisa BBIIEIEHUS OTACIBHBIX TAPMOHUK W3 HECUHYCOHUIATbHBIX
HalpsDKeHUH W TOKOB TMPUMEHSIOT CHEelUalibHble MpUOOpPHI, Ha3bIBaeMbIC
FapMOHUYECKUMH aHAJIM3aTOPaMHU.

9.3 Buabl cCMMMETPHHU NEPUOANIYECKUX PYHKIMIA

PasznuyaroT crienyromiye BUIbl CHMMETPHH MEPUOIUYECKUX HECUHYCOUANb-
HBIX (PYHKITHI.
1) Heuernass cummerpusi: GyHKIUS CUMMETPUYHA OTHOCHUTEIBHO Hadasa

KOODJMHAT U yjoBieTBopset ycnosuto f (1) = —f(=t) (pucynok119).
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fin

\/ f-1)

Pucynok 119

OyHKIMK, 00JIaJa0Nie HEYETHOM CHUMMETpHEH, MOJY4YWIH Ha3BaHHE
HEYETHBIX. B pasmokeHun Takux (QYHKIHA COAEPKATCA TOJIBKO CHHYCHBIS
COCTaBJISIFOIIME  OTHACJIBHBIX TapMOHHUK By OTCYTCTBYIOT  IOCTOSIHHAS
cocTaBiisromas Ay KOCUHYCHBIE COCTABIIAIOIINE OTAEIbHBIX TapMOHUK Cy:

k=00
f(an)= ZBk sinkat
k=1

[Ipu onpenenenun ko3dduimentoB psana Dypbe HedeTHON QyHKIUU
UHTETPUPOBAHUE B (OpMYyJie JOCTATOYHO BHIMOIHUTH 3a MOJOBUHY nepuoaa 7/2:

i I f(t)-sin(kar)-dt = 2]{ f(awt)-sin(kart)-d(wt)
T Ty, '

2) YerHas cummerpusi: GyHKUHAS CUMMETPUYHA OTHOCHUTEIBHO OCH
OpJIMHAT W YJIOBJIETBOPSET YCIOBUIO f(¢) = f(—) (pucyHok120).

B, =

f

fi-t /_\ /\ fn

Pucynoxk 120

cI)yHKI_II/II/I,, O6J'IaI[aIOHII/I€ YEeTHOH CPIMM@TpHCﬁ, IMOJIYYMUJIN HA3BAHUC YCTHBIX.
B Pa3JI0KCHUN TAaKUX q)YHKIII/II\/II COACPIKATCA TOJBKO ITOCTOAHHAsA COCTaBJIAIOIIAA
A() N KOCHHYCHBIC COCTaBJIAIOINHUEC OTACIbHBIX TIapMOHHK Ck H OTCYTCTBYIOT
CHUHYCHBIC COCTABJIAIOIINEC OTACIIBHBIX TAPMOHHUK BK:

k=0
f(ot)=A4,+ ZCk coskat

k=1
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[Tpu onpenenennn kod3pduireHToB psiaa Oypbe YeTHON HYHKIIUU UHTETPH-

poBaHue B (hopmyJiax IOCTATOUHO BBHIMOJHUTH 32 MOJIOBUHY NEPHOJIA:
T/2 1

=g | f(t)-dt=;];f(wt)-d(wt),

T/2
2

C, = I f(t)-cos(kar)-dt = —_Tf(a)t) -cos(kat)-d(wt) |
0 4 0

4
T

3) Kocas cummerpusd: GyHKIHUS CUMMETPUYHA OTHOCUTEIBLHO OCH abcIucce
IpU CMEUICHUH €€ MOJIOKUTENbHOU 4acTu [f(£)>0] win oTpuUIATENbHOW YacTu

[()<0] ma orpesox Bpemenn +71/2 M YIOBJCTBOPSICT  YCIOBHIO
f@)=—f(txT/2) (pucynoxl21):

{1+,

Pucynoxk 121

OyHKIMN, 00J1aa0Ne KOCOW CUMMETPUEH, MOTYYHIH Ha3BaHUE KOCOCUM-
METPUYHBIX. B pasnokeHnn Takux (YHKIHA COACPKATCS TOJBKO HEYCTHHIC
TapMOHUKH (CHHYCHBIE 1 KOCHHYCHBIE COCTABIISIFOIIIHE):

k=00 k=0 k=0
f(ot) = Z A, sin(kot +a,) = ZBk sin kot + Z C, coskat
k=1,3,... k=1,3,... k=1,3,...

JlokaxkeM 3TO yTBEPKACHHUE METOJIOM OT oOpaTHoro. [Ipeanonoxxum, 4To
KOCOCUMMETpUYHAsT (QYHKIUS COJIEPKUT B PA3JIOKEHUU BCE WICHBI psijga Dypbe:

f(ox)=A, + 4, sin(wt + ;) + A, sinQCat + a,) +...

Jlo6aBuM k aprymeHTty GyHkiuu 7/2:

f@+T/2)=—A4,— A sin(wt +a, +180°) — 4, sinQaxt + o, +360°) +... =
=—A,+ A4 sin(ot +a,) — A, smQLat + a,) + ...

PaBenctBo  f(¢t) =—f(t+T/2) Bemonuserca npu ycioBun A;=0, A,=0,
A4=0,..., 9T0 TpeOOBAIOCH NOKA3ATh.

Koadpunments! psaa @ypbe KOCOCUMMETPUYHON (DYHKIIUU OMPEACIAIOTCS
10 OOIIMM IPaBUIIAM.
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Oyukums f(f) MoXkeT 06a7aTh OJJHOBPEMEHHO JIBYMSI BUJIJAMU CUMMETPUH,
HalpuMep, HEYETHOM W KOCOW WM YETHOM M KOCOH, HO HE MOXET OBITh
OJIHOBPEMEHHO He4YeTHOW M 4deTHOM. [Ipu pasznokeHun KOHKPETHOW (PYHKIUMU B
psan Oypbe Havallo OTCUETa CJEeAYyeT BbIOpATh Tak, YTOOBI MOJTYYUTH KEJIAEMBI
BUJI CHMMETPUU QYHKIIUU.

IIpumep. Tpebyercs paznoxuth B psag  Dyppe NEPUOAUYECKYIO
npsamMoyroyibHyto QyHkiuto  f (1) =A4,(0<t<T/2) wu f({t)=-A4,(T/2<t<T)
(pucynok122).

Pucynox 122

ITpu BeIOpanHOM Hauaje otcueTa (Touka 0) dhyHkius Oyaet o6aaaaTh OAHO-
BPEMEHHO JBYMS BHJIaMU CUMMETPUH (HEUETHOM U KOCOW) M €€ TApMOHUYECKHIA
cocTaB OyJeT UMETh BUJI:

f(at) = A, sinwt + A, sin3wt + A, sinSawt + ...

Koadpuuments psaa @ypre onpeaenstores o Gpopmyse 1jsi HEYeTHON
byHKIIH:

B, = gjf(wt) sin kwtd wt = 24, coskwt; = 44,
Ty /94 kmx

Torna psg @ypwe uccrneayemoi GyHKIIUHN MOTYYUT BUL:

44 ( . : . : . .
f(ax)= —’"(smwt +%sm3at +%s1n5wt +.. ) =4, (1,273sinax +0,424sin3cx +0,255sin5ax +...)
/4

9.4 /leficTByIO1IIMEe 3HAYEHUS HECHHYCOMTATBHBIX TOKOB U
HAMPSKEHU I

Kak W3BECTHO, B AJEKTPOIHEPIETUKE IMEPEMEHHBIE TOKM M HAIPSKECHUS
XapakTEepU3yKTCsl  HMX  JCUCTBYIOIIMMHU  3HAYCHUAMU.  MaremaTuyecKu
JeiCTByIOlIeEe 3HAUYeHHWE JII0OOr0  MEPUOJUMYECKH  HW3MEHSIOIIETOoCsS  TOKa
(HampspDKEeHUsI) OMpeAeNsieTcsl KaK CPeIHEKBAApAaTUYHOE 3HAUYCHHE (YHKIUHA 32
IIEPUOA;
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[Tycth pyHKIIMA TOKA COAECPKHUT B CBOEM COCTAaBE BCE KOMIIOHEHTHI psiaa
dypsbe:
k=0
i(or) =1, +1,, sin(ot + @) + I, sinQQart + o) +...= 1, + Y I, sin(ket + a;)
k=1
OnpenenuM JEUCTBYIONIEE 3HAYEHUE ITOU (byHKuHH:

17 N I 17 : :
I= \/?Jlozdt+ Z?Ilkmz sin’ (kot — o, )dt + z?'[lpmz sin*(pot +a,)I,,’ sin’ (qot +a, )dt
0 1 0 P#q = 0

=\/120+Z%+ZO =\/120 +%(121m+122m+...) =N+ T+ 1+
1

[Ipn mHTErpUpPOBAaHWH YUYTEHO, YTO MPOU3BEICHUE JIBYX CUHYCOUIAIBHBIX
GyHKIIUN BPEMEHHU C Pa3IMYHBIMU YaCTOTAMHU @, = po ¥ @, =q® JTAET CYMMY JBYX
HOBBIX CHHYCOMJQIbHBIX (QYHKIMM C dacTtoTamMmu (o, +w,) U (0, -®,),
OIIPEJIECIICHHBIN UHTErpaj OT KOTOPBIX B IpeJeiaxX LEJIoro Yncia nepuogoB paBeH
HYJIIO.

HUrak momydeHo, 4TO NEUCTBYIOLIEE 3HAYEHWE HECUHYCOMIAIBHOTO TOKa
(HampsKEHUs) PaBHO KBaJpaTHOMY KOPHIO W3 JICHCTBYIOIIMX 3HAYEHUU
OTAEIbHBIX TAPMOHUK:

[=yI}+17+1,+.., :\/102 +%(11m2 +1,,7 +..),

U=+U2+U+U,  +... =\/U02 +%(U1m2 +U, 2+,

[TpumepbIHEKOTOPBIX QYHKIUN U UX EHCTBYIOIIUX 3HAYEHUN MPUBEICHBI
HIDKE:

1
1. i1=lsina)t; ]1:$=0,707A

2.1, =1sinwt +0,5sin 2wt ; I, = %(12 =0,5%) =0,7904
. . |
3. iy =1sinwr +0,1sin 2wt ; I, = /5(12 =0,12)=0,7114

BeiBog: npu  kodbduumente Buicmeii rapmonuku Menee 0,1 (
k,=1,,/1,<0]l) ux nons B gelcTByIOIEM 3HAYEHUH (GYHKIHUH COCTABISIET
meree 1% (1;/1, =1,006), u, cnenoBarensHO, I ONpeEIeHNH AEHCTBYIONIETO

3HauYeHHUs] QYHKUUU C MOTPEIIHOCTBIO 6% <1 3T TapMOHUKH MOTYT HE YYHUTHI-
BaTbhCH.
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9.5 MOIHOCTH B LieNH HECHHYCOMIAJIBHOI0 TOKA

[long aKkTHUBHOW MOIIHOCTBIO P MNOHUMAIOT KOJIMYECTBO JHEPTUH,
notpebiisiemoe (reHepupyemMoe) oObeKTOM 3a €IMHUIYY BpeMeHU. MaTeMaThu4ecKu
AKTUBHYIO MOIIHOCTb OMPEJIETSAIOT KaK CpeHEe 3HAU€HHEe MTHOBEHHON MOIIIHOCTH
3a MOJIHBINA MEPUO/I.

[TycTh HEKOTOPBIN 3JEMEHT LIeNH MOTPeOseT TOK i(f) MPU HECHHYCOU-
JATbHOM HANPSHKEHUU u(t):
u(t)=U,+U, sin(et+a,)+U,, smQwt+a,)+...
it)=1,+1
MrHoBeHHast MOIITHOCTh p(f) =u(t)-i(t), TOTJ]a aKTUBHASI MOIIIHOCTh OyAeT
paBHa:

sin(wt +a, —@,)+1,, smQCot+o, —@,)+...

Im

1T 1T w lT
P=— Hdt=— U I dt+» —|(U, sin(kot+c,) -1, sinlkot+ao, —@,)dt +
Tip” T! e kZ_ILTg( Ik +01,) 1, sin(ker +a, — )

01 T =1
+ Z?J‘Upm sin(paot+a,)-1,, sm(qot+a, - )dt =U,l, + ZEUkmlkm cos() + ZO =
p#q 0
=U,l,+U, I cos(p,)+U,I,cos(p,)+...=F + P +P, +...
Takum o00pa3oM, akTUBHAas MOIIHOCTb HECHMHYCOWJAIBHOTO TOKAa paBHA
CyMMe€ aKTHBHBIX MOIIIHOCTEMN OTAEIbHBIX TAPMOHHUK:

P=F+F+P +..

PeaktuBHas MOIIHOCTH () HECHUHYCOMAAIBLHOIO TOKAa OMNPENCISIETCA 10
aHAJIOTUM C aKTMBHOM MOIIHOCTBHIO P Kak ajnreOpanyeckas CyMMa pPEeaKTHBHBIX
MOIIHOCTEN OTAECIbHBIX TAPMOHUK:

0=0,+0,+..=U I sin(p)+U,I,sin(¢,)+...
Kak wu3BecTHO, peakThBHAsE MOIIHOCTh () CHUHYCOMAQJIBHOTO TOKa

XapaKTepHU3yeT HHTEHCHUBHOCTD Kojiebanuii sHeprum (O =@ W, ) ¢ wacroroit @

MCXKAY OJICKTPOMAaroHMuTHBIM IIOJIEM OJICMCHTA U OCTaJIbHOM 1Iemnblo. B CIIn
HCCHMHYCOUIAJIIBHOTO TOKaA KOJICOAHMS OHCPIUHU IMPOUCXOIAT HA pAa3HBIX YACTOTAX.
Cnoxenue PEAaKTHBHBIX MOILIHOCTEM OTACIbHBIX T'apMOHHK, XapaKTCPUIYIOIIUX
KOJICOAHMS OHCPIruyM Ha Ppa3HbIX YaCTOTax, JIMIICHO (1)I/ISI/I"I€CKOFO CMBICJIA.
MaremMaTH4eCK MOXKET IMOJIYYUTBCA, YTO PCAKTHUBHBIC MOIIHOCTHU OTACJIBbHBIX
TapMOHHUK MMCIOT Pa3HbIC 3HAKU U B CYMMC HalOT HYJIb, XOT:1 KoJIcOaHus OHCPIun
IIpu 3TOM HMCKOT MCCTO. Takum 06p2130M, IJis1 O HCCMHYCOUIAJIBHOTO TOKa
IIOHATHUC peaKTHBHOﬁ MOIIHOCTH JIMIIICHO (1)I/I3I/I‘-IeCKOFO CMBbICJIA.

I[J'IH e HCCHUHYCOMJIAJIbHOI'0 TOKa IMPHUMCHACTCA TAKKC MW IMOHATHC
MOJTHOM MOIIHOCTHU, KOTOpasa ONpCACIIICTCA KaK IPOU3BCIACHUC I[CP'ICTBYIOIHHX
3HAYCHUMN HAIIPpSAKCHUA U TOKA:

S=U-T=(UZ+U+U2 +.)IE+ I} +12 +..)

Kak wu3BecTHO, Uil LENUM CHHYCOMAAIBHOIO TOKa MoumHoctd P, O, S
00pa3yroT NPSAMOYTOJIbHBIM TPEYTrOJNbHUK, W3 KOTOPOTO CJIEAYyeT COOTHOIICHHE:
§*=P*+Q*. Jlna ueneldl HECHHYCOUAAIBHOIO TOKA 3TO COOTHOIICHHE MEXIY
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MOTITHOCTSIMH BBITIOTHSETCSI TOJIBKO JIJII PE3UCTHUBHBIX JJIEMEHTOB, B KOTOPBIX B
COOTBETCTBHU ¢ 3aKOHOM Oma (u =i+ R ) dopmbl kpuBbix GyHKuui u(f) u i)
uaeHTHYHBL. Ecm B menu comepkatcs peakThBHBIC 3yieMeHThl L u C, TO 3TO

2 2 2
COOTHOLIEHUE He BhioHseTcs: S = P~ + Q. Jlna 6anaHca 3TOro ypaBHEHUs B
2 2 2 2
€ro npaBylo 4acTh BHOCAT no0asnenue: S =P°+0" +T°  orkyna
T— \/ g2 _p2_ Qz

rae 7— MONIHOCTh WCKaXEHUS — IMOHSATHE MAaTEMaTUYeCKOe, XapaKTepHU3yeT
CTEIEHb pa3audusl B popMax KpUBBIX HanpsbkeHue u(t) u Toka i(f).

9. 6 KoadppuumenTol, XapakTepusyOue HECUHYCOUTATbHbIE
bynkuun u(r), i(v)

[TycTh HecuHycouaanbHas GYHKIMSA u(f) COMEPKUT TOIBKO FAPMOHHYECKUE
COCTaBJISAIOIIHE:
u(t)=U,, sin(ot+a,)+U, smQot+a,)+U,, sin(Bot+a;)+...
Hecunyconnanbuple (YyHKIMHM TOKOB M HalpsHKEHUM, HE COJEpIKallue
nocrosuubx cocrapmsiomux (1, =0, U =0) xapakrepusyrorcs ciemyromumu

napaMerpamMu U KodpuiueHTamMu.
JlelicTByroliee 3HaueHNe Bcell (YHKINU OIpeeseTcs o popmyiie:

+...).

2m 3m

1
U=U>+U2 +U> +... :\/—(Ufm +U2 +U2
2
I[CﬁCTBYIOIHCC 3HA4YCHUC BBICIINX T'apMOHUK!

Uy =|U2+U2 +... :J%(Ujm +U;, +...) .

MakcuManbHble 3HauYeHns GyHKIUK B monoxkutensoi 06macti (U, ) u

B OTpulaTelbHOM obnactu (U, ) He OyAyT paBHBI APYT JAPYTy NpU HAIUYHHU B

max—
TapMOHUYECKOM sy (QYHKIIMM YETHBIX TAPMOHHMK WM 3aBUCAT KaK OT aMIUTATY]I
OTZIETTbHBIX TAPMOHHUK, TaK M OT WX (pa30BBIX CIIBUTOB (HA4aJIbHBIX (a3).

Cpennee 1o MOIydO 3Ha4YeHWE (DYHKIMM — Ompemensercs  Kak
cpenHeapuMeTrHuecKkoe 3HaYeHWE MOJYJICH MTHOBEHHBIX 3HAUYCHHM (YHKIIUH 32
MTOJIHBIN MEPUO;

U, = % ! ABS[u(t)]dt .

Cpennee 3Haue€HWE (PYHKIIMU 3aBUCUT KaK OT aMILUTUTY] OTICIbHBIX
TapMOHUK, TaK ¥ OT UX HaYaIbHBIX (a3.
Koaddummentom amMmmanty sl GyHKIUYA Ha3bIBAETCS BEJIMUMHA, paBHAs OT-
HOIIIEHUIO €€ MAaKCUMAJIbHOro (10 MOJYJI0) 3HAYEHUS K JICUCTBYIOIIEMY
3HAYEHHUIO:

k, =—"%; k, = J2=141 JUISL CHHYCOMIBL.
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Koadunmentom Gpopmbl kpuBoi (PyHKIUK Ha3bIBACTCSA BEIWYHHA, paBHAs
OTHOIICHHIO JICHCTBYIOIIETO 3HaYeHUs (PYHKIIMU K €€ CpelHEMY 3HAYCHUIO:

Y T

k Sk, =——==111
b » Ky =—==L11 nng cunyconnp!.
U, 242

Koaddunmentom k-0ff rapMOHUKH Ha3bIBACTCA BEJIMYMHA, paBHAas
OTHOIIICHUIO  JIEWCTBYIOIIETO0 3HAuYeHUs (aMIUIMTYJbI) k-0 TapMOHUKH K

JNEUCTBYIOIIEMY 3HAUCHUIO (aMIUIUTY/I€) OCHOBHOM FrapMOHUKH:
Y U
u, U

ek
m

Koadpunmentom uckaxxeHus: CHHYCOUIAILHOCTH (DOPMBI KPUBOU (DYHKITUU
HA3bIBACTCS  BENMYMHA, paBHAs OTHOIICHHWIO JCWCTBYIOIIETO 3HAYEHHUS BCEX
BBICIIIMX TAPMOHUK K JCHCTBYIONIEMY 3HAUEHHUIO OCHOBHON TapPMOHUKH:

2 2 2 2
B \/Uz +U; +... \/Uzm +U;, +...
! U, U '
Jns  TpueMHHKOB, paboTaromMX B HECHHYCOMAAIBHOM DPEXHME,
OPUMEHSETCA MOHATHE KO3((UIIMEHTa MOUIHOCTH, KOTOPBIN OIpeaenseTcs] Kak

OTHOILIIEHHE AKTHUBHOI MOIIHOCTHA P K ITOJHOU MOIIHOCTHU S:
P P+P +P +
_ _ 1 2 3
k,=cos(p,)=

S JURHUZ+UZ 4. P+ +12 4.

k

1m

9.7 Pacuer 3JIeKTPUYECKHUX LeNeil HECHHYCOMAAJIbLHOI0 TOKA

Pacuer »anexTpuueckux —I1ened, coaepkKalMX HUCTOYHUKUA  SHEPIUH
[ucrounuku DJIC e(f) U UCTOUHMKU ToKa j(f)] ¢ HecuHycouaadbHOU (HOopMOit
KpUBOM, BBINOJHAETCS MO MeToay TnosoxeHus. llpouenypy pacuera MOXKHO
YCIIOBHO Pa3eIUTh HA TPH dTara.

)I"apMOHUYECKUI aHATU3.

Ha sTom 3Tame BBIMONTHSIETCS pa3ioKeHNe HECUHYCOUTATbHBIX (PYHKITUH UC-
TouHUKOB D/[C e(f)u uICTOUHUKOB TOKA j(f)B rapMoHUYecKuil psig Oypoe:

e®)=E,+E, sin(wt+a)+E, sinot+a,)+E, sin(3ot+a,)...
j)y=J,+J,,sin(wt + p,)+J,, smQQawt + B,)+J,, simBwt + S;)...

Jlns mpoBeneHUs aHaIM3a CTPYKTYypbl (yHKIUNA e(f) U j(f)KOIUYeCTBO
rapMOHUK B UX Pa3JI0KEHUH ONPEICISIOT3HAUUTENbHO OOJIbIIE, Y4eM HE0OXOAUMO
JUTSL pacyeTa CXEMBbl.

2)AHAIUTUYECKUM pacyer.

[TpousBoAUTCS AHATUTUYECKUNW PpACUET CXEMbI TMOCJIEAOBATENIbHO IS
KaXJOM TapMOHUKM B OTIEIBHOCTH. JlJISI MOCTOSSHHOM COCTaBJISIIOLIEN pacyeT
MPOU3BOANTCS  KakK JUIsl PE3UCTUBHOW IIEMH TIOCTOSHHOTO TOKa, TMPU 3TOM
y4acCTKH C KaTylikamMu [ 3aKopayuBaloTCs, a BETBU C KoHueHcaropamu C
pa3MbikaeTcs. Pacdercxembl ISl OTACNBHBIX TapPMOHHUK TPOWU3BOAUTCS KaK IS
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IeMd CHHYCOWJAIBHOTO TOKa, T.6. B KOMIUIGKCHOW (opme, TpH 3TOM
ONPENEIAIOTCS HE JCUCTBYIONIME 3HAYCHHUS, & KOMILUICKCHBIE aMIUTUTYAbl TOKOB U
Hanpspkenuit (£,,,U,,). PacueT miist Kaxa0il rapMOHUKHU BBITIOJIHSIETCS 110 OJTHOMY
U TOMY € aJrOpPUTMY, MPU ITOM YUHWTHIBAETCS 3aBUCUMOCTb PEAKTUBHBIX CO-
MIPOTUBJIEHUN 3JIEMEHTOB OT YaCTOTHI W, CJIEIOBATEIbHO, OT HOMEPA TAPMOHUKH:

X,=k-oL=k-X,; X, =1kaC=X,/k. Bwbop pacuerHoro merona

ONPEAEISIETCS CTPYKTYPOU PACUETHON CXEMBI.

KosmnuecTBO TapMOHMK, I8 KOTOPBIX BBINOJHSAETCS PAcCyeT CXEMBI,
YCTAHABJIMBAETCS MCXOIs M3 KOHKPETHBIX YCJIOBUM 3amaud. Hampumep, ecin
ONPEACIISIIOTCS. TOJIBKO JCHCTBYIOIIME 3HAYEHUs TOKOB W Hampstkenuit (I, U), To
JIOCTATOYHO YYUTHIBATH TOJILKO T€ TAPMOHUKH, IUISI KOTOPBIX KOA(P(PUIIHUEHT

kg > 091 , 1IPH 3TOM OTHOCHUTCIIbHAA IMOTPCHIHOCTL PAaCdYCTa B UTOI'C HC IIPCBLICUT

1% . OpHako B TexX ciiy4asix, Korga TpeOyeTcs: MpoBOJIUTh HcclieoBaHue (popm
KpUBBIX QyHKIMH u(f) 1 i(f), TO HEOOXOIUMO YUUTHIBATh TAK)KE TAPMOHUKH OoJiee
BBICOKOTO TIOPSJIKA ¢ MEHBIIIUM KO3(DPUITMEHTOM TapMOHUK K, .

3.CuHTE3 pelIeHus.

Ha 3akmounTenbHOM cTaiud pacyeTa ONPENessiiOTCS MCKOMbIE BEIIMYMHBI
COTJIaCHO YCJIOBHIO 3aJlayH.

MrHoBeHHbIC 3HAYEHUs TOKOB W HANpsKEHUU i(f) U u(f) onmpenesstorcs B
COOTBETCTBUM C TMPUHIMIIOM HAJOXEHUS Kak anreOpanyeckodl CyMMBbI
MTHOBEHHBIX 3HAUYCHUN OTIEIBHBIX COCTABJISIONINX, HATIPUMED:

i, 0)=1,+1, sin(wt+p)+1, sinQawt+p,)+1,, sinGwt+py)...

[Tpu HEeoOxoanMOcCTH uccnenoBanus GopMbl KpUBBIX GyHKUIUN i(¢) U u(f) Mo
MOJIYYCHHBIM YPABHEHUSM CTPOUTCS UX TpauuecKue JuarpaMmbl.

JHelicTBytonue 3Ha4YeHUs TOKOB U HampspkeHud (I, U) HaxomsTcs Kak
CpPEIHEKBAJpaTUYHbIE 3HAYCHHUS  OTHUX (YHKIUHA 110 TIOJYYCHHBIM paHee
dbopmyrnam, Hampumep:

1
]k = ]kO +§(llflm +1132m +)

AKTUBHBIC MOHOIHOCTHU OTACJIBHBIX 3JICMCHTOB OIIPCACIICTCA KaK CyMMBbI
AKTHUBHBIX MOHIHOCTCﬁ 9TUX JJICMCHTOB JIsI OTACIIbHBIX TAPMOHUK, HAITPHUMCP:

) )
P=P,+P,+P,+..=U,,-I,, +Re[U,,, - Ixim]|+Re[U,,, -Liam]+...
AKTHBHYIO MOIIIHOCTh OTACIIbHBIX IPUEMHHUKOB MOYKHO OIPEICIISATh TaKXKe
no dopmysne Jxoyns: B, =17 -R,, rae I, —neifcTByiomiee 3HaueHme TOKa 3TOTO
IPUEMHHKA.
Omnpenensitorcst  KO3PQPUIMEHTHI  UCCIEAYeMbIX  HECHHYCOWIAIBHBIX
Gynkumii: k, — ko>puIMEHT HCKaxeHus, k; — koddduuuent Qopmel, k. —
KO3 UIIUEHTHI OTJEIbHBIX TAPMOHUK U T. 1.

IIpumep. Ha Bxoae cxemnl (pucyHOk 123a) ¢ 3agaHHBIMU TlapaMeTpaMu
anemeHToB (R;=30 Om, R,=20 Om, L=100 mI'n, C=22 Mx®d) neiicTByeT UCTOYHUK
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HecunycounanbHoii DJIC (pucynok 1236) c wyacroroit f=50 I'm. TpeOyercs
onpeaenuth 1) nedicrByroniue 3Hauenus DJAC E wu tokoB [, [, I); 2) ko-
s punmentsl uckaxenus Gyuknud IJC e(f) u TokoB i(?), i1(¢), ir(¢); 3) GamaHc

AKTUBHBIX MoOIHOCTEN P, = ZPH .

i

—_—

EIJ,I i /\ 200 \
<>e[ﬂ R R — WI '
L [

a 6]

Pucynoxk 123

1-p1ii 2Tan. Paznoxenuwe 3amanHHON rpaduuecku (ynkuun IDJC e(?)
(pucyHok 1236) B rapmonudeckuii psiig @ypre npousBoauTCs ¢ nomoiisio IBM
no nporpamMmme GAR, B pe3ysibTare mosryyum:

e(t) =157,9sin(ax) +39,5sin(2ax +180”) +9,9sin(4ax) +

+6,3sin(Sax +180”) +3,2sin(7ax) + 2, 5sin(8cx +180°) +...
[IpymeuaHue: TapMOHUKH, KpaTHbIE TpPEM, B Pa3JIOKEHUU JaHHOM (QyHKUHUU
OTCYTCTBYIOT.
2-oii ortan. IIpou3BOguTCS  pacyeT CXembl s KaXJA0W TapMOHHMKH B
OTJICIbHOCTH B KOMILJIEKCHOM (JOpME 1O OTHOMY U TOMY K€ aJITOPUTMY:
1 _ X C1 ] Ekm

X, =L, XC1ZE; Xy=k-Xp; XCk_T;—lkm:m;

_ Zkm .
Rz _jX Ck ’

PesynbTaThl pacdeTa cBeneHbl B 00ITyr0 Tabnuily. PacdeT octaHaBinBaeM
Ha 5-0i1 TapMOHMKE, TaK KaK aMIUIUTYbl 00jiee BRICOKUX TapMOHHMK B (DYHKIIUU
e(f) He3HAYMTEIbHBI M WX Yy4YeT YK€ HE TMOBJIMUSET HAa KOHEYHBIC PE3yJIbTaThl
pacyera.

Lo = l m — l Vem T l 2km > TI€ k— HOMEp TapMOHUKH.

k Ekm _ lkm _ llkm i lem_

1 157,9 ¢° 3,081 ¢ 3,634 ¢ 1,080 &>

2 39,5 0,385¢ " 0,576 &> 0,526 ¢’ **
1 9,9 ¢" 0,190 &% 0,077 ¢’ 0,240 ¢°™

5 63" 0,154 &7 0,039 & 0,179 7>

3-b1# 3Tan. OnpeaenstoTcs UHTErpabHbIE NapaMeTPbl HCKOMBIX (DYHKIIUM.
JevicTByronue 3Ha4eHUsT QYHKITUMN:
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E= \/5(157,92 +39,5°+9,9° +6,3°) =115,4B; [=2,20 A; 1,=2,60 A;

1,=0,88 A.
KoadpuumenTs! nckaxenus: popmsl KpUBbIX ais GyHKIUH e(?), i(t), i)(¢),

iz(f)I
39,57 +9,97 +6,3
Kuey = 5707 =026; ki, =016, k,, =0,56.
AXKTHUBHAA MOIIHOCTb UCTOYHHKA OHCPI'UHU:
P, =P, +P,+Py+ Py =Y Re[FE,, - I1n]=2098+7,6+0,7+0,4=2185
Br.

AKTHUBHAsI MOIITHOCTh MPUEMHUKOB YHEPTHIH :

P =I'R =2,60*-30=202_8 Br; B, =I;R, =088 -20=153Br.

bananc momHocTen: 218,5~202,8+15,3

AHanu3 pe3yabTaToOB PEIIEHUS U BHIBOIBL:

1. Jlns ompeneneHus NEUCTBYIOMIMX 3HAYEHUW BEIMYMH U AKTUBHBIX
MOIIIHOCTEW MOKHO ObLIO ObI IpeHeOpeub 4-0it U 5-0if rapMOHUKAMHU, OJTHAKO JJIs
ompezeneHus: KOIPPUIMECHTOB HCKaXEHUS (OPMBI KPUBBIX yUYeT Ha3BaHHBIX
TapMOHHK HEOOXOIHM.

2. BennunHa W XapakTep BXOJHOTO COINPOTHUBIECHUS CXEMBl 3aBHUCHT OT
HOMepa TapMOHHKM: 1ii l-oif rapmomuku (@, =30,4° ) — BxomHoe
COTIPOTHBIIEHUE HOCUT aKTUBHO-WHIYKTUBHBIM XapakrTep; sl 2-0i rapMOHUKHU (
@, =0)— BxomHOE CONPOTHBIICHHE HOCHT YHCTO AKTHBHBIH XapakTep, T.€. Ha
4acToTe 2-0i FapMOHHUKHM UMEET MECTO PE30HAHC TOKOB; MJIA 4-Oi rapMOHHKH (
@, =—45,2° - BXOHOE COMPOTUBIIEHUE HOCUT aKTUBHO-EMKOCTHBIN XapakKTep.

3. ®opma kpuBOoW (yHKIMHM TOKa #;(f) B BETBH C KaTyIIKOW HCKaKeHa
MeHbIlle, 4eM ¢opma kpuBod uctounuka IJC e(?) (ku(il) <ku(e)) , a hopma
KPUBOM TOKa i(f) B BETBU C KOHJEHCATOPOM, HA0OOPOT, UCKakeHa OoubIe  (

ku(iz) > ku(e) ). Takue cooTHOMICHUS MKy KOdhuImeHTaMmu uckaxeHus: popm

KPHUBLIX O00BACHSAIOTCSI 3aBUCUMOCTBIO PCAaKTUBHBIX COHpOTI/IBJ'IeHI/Iﬁ OT 4aCTOThI:

X, —k-ol=k-X,; Xo =1/kaoC =X, k.

9.8 U3mepeHue aeiiCTBYIONIMX 3HAYEHMH HECHHYCOMTATbHBIX TOKOB U
HAMPSIKEHU I

JIna n3MepeHuss NEeUCTBYIOIIMX 3HAYCHUW TOKOB WM HAIPSHKEHUH B LEIAX
MEPEMEHHOTO CHHYCOMJIAJIbBHOTO TOKa MPUMEHSIOTCS  paslIduHble MPHOOPHI,
OTJIMYAIOIIMECS IO NMPUHIUIY MX JNEUCTBUS WM cUcTeMOM. HesaBucumo  oOT
yCTpPOMCTBAa WHIKaJdbl BCEX MPUOOPOB ISl M3MEPEHHUs ACUCTBYIOUIMX 3HAYCHHI
TOKOB U HANIPSKEHUU MPOrPagyupOBaHbl B AEUCTBYIOIMINX 3HAYCHUAX U3MEPSIEMBIX
BEJIMYHH.
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[TpuGopsl HEMOCPENCTBEHHOTO M3MEpPEHHs (K TAaKUM OTHOCSITCS MPUOOPHI
DJIIGKTPOMArHUTHOW W DJIGKTPOJAMHAMHUYECKOM  CHCTEM)  pearupyer  Ha
JefCTBYyIOIIee 3HAUCHNE M3MEPSIHHON BenmmuuHbI (I, U) U, ClIenoBaTeNbHO, U UX
Ikai ko3 GUIMeHT nepecyeTa paBeH eauuuiie (x,=1) .

[TpuOopbl KOCBEHHOIO M3MEPEHHsl MOTYT pearupoBars Ha cpentee (I, U,,)
win Ha MakcuManbHOC ([,4, Up.) 3HAUCHHE W3MEpSeMOW BEIMYMHBI, HO HX
MOKAa3aHUsl TEPECUYUTHIBAIOTCS K JCUCTBYIONIMM 3HAYEHHUSM CHHYCOUIAIBHBIX
GbyHKIHIA.

Jlnis mpuOopoB, pearnpyrommx Ha cpeHee 3HaueHue, KOd(PUIUEHT mepe-

%

"U, U,2lz 22
JIist mprOOpoB, pearnpyroIux Ha MaKCUMaIbHOE 3HAYCHHE, KO PUIIMeHT

nepecyeTa paBeH:
u U, /N2 1
k” = = =
u, U, 2

JleiicTBytolIee 3HAaUEHHE HECUHYCOMIATbHON (DYHKIIMU 3aBUCUT TOJBKO OT
aMILUTUTYJ, OTACJIbHBIX TAPMOHUK, B TO K€ BpPEMsl €€ MaKCUMAaJIbHOE U CpeJHEe
3HAYCHUS 3aBHUCAT KaK OT aMIUIUTY]l TAPMOHHMK, TaK M OT UX (a30BbIX CABUTOB. M3
ATOTO CJIEMYyeT BBIBOJ, YTO TMOKAa3aHWUS MPUOOPOB KOCBEHHOTO M3MEPEHUS,
pearupyronmx Ha MaKCUMAJIbHOE WM CpPEIHEEe 3HAaYeHue, B IEMNsAX HECUHY-
COMJTAILHOTO TOKAa HE OyAyT COOTBETCTBOBATH JIEWCTBYIOMIUM 3HAYCHUSIM
U3MEPSIEMbIX BEJIUYUH.

Paccmotpum nBa npumepa. [lycts uzmepsemoe Hanps>KEHHUE CONEPKUT |-
10 U 3-10 TAPMOHUKH, HO C pa3HbIMU (PA30BBIMU CABUTAMH MEKTy HUMMU:

a)u, () =100sin(et) +10sin(3ax) , (pucynok 124a),

0) u,(¢t) =100sin(er) —10sin(3et), (pucynok 1240).

HenctByromue (U), makcumanbhble (U,,,) u cpennue (U,,) 3HaYeHNA STUX
HaMPSHKEHUH, pACCYNTAHHBIE MATEMATHYECKHU TI0 COOTBETCTBYIONTUM (hopMyJsiaM, a
TaK)Ke IMOKa3aHus MPUOOPOB pa3IMUHBIX cucTeM (V] — HemoCpeICTBEHHOTO
u3MepeHus, V', — KOCBEHHOTO U3MEPEHHUS C PeaKIueld Ha MAaKCUMAJIbHOE
3HaueHue U, U V3 — KOCBEHHOTO U3MEPEHHS C pEaKLHEN Ha CPETHEE 3HAUCHHE
U,,) IpuBeieHbl HUKE B TaOJIuIIE.

=0,707.

Umax 7

al 6)

Pucynoxk 124
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Cxema U, B Umaxa B UcpaB V] Vz V3
a) 71,1 90 65,8 71,1 63.6 73,0
0) 71,1 110 61,6 71,1 77,8 68,4

Kak BuHO U3 puBeACHHBIX B Tabaule Ludp, nokazanus npuOOpOB KOCBEHHOTO
U3MEPEHHUsI CYIIECTBEHHO 3aBUCST OT (ha30BOr0 CIIBUTa MEXAY FapMOHUKAMHU, NPy
ATOM METOJUYECKas MOTPEUTHOCTh U3MEPEHUSI MOXKET COCTABIISATh 3HAUUTEIHHYIO
BEIMYMHY (B paccMaTpuBaeMoM pumepe okosio 10 %).

9.9 Boicuine rapMOHUKH B TPexX(a3HbIX HeNsX

B cummMerpuuHOM TpexdazHoOM pekrMe TOKU U HaNpshKeHHs B (pazax
CABUHYTHI B3aUMHO BO BpeMeHu Ha At = T/3 B nopsinke cnepoBanus ¢pa3 4 — B

360°
3

— C — A, 4TO B rpajlyCHOM Mepe COCTABJISET : ISl | rapMOHUKU A @t =

360°

120°, nnst 2 rapmonuku A2 o = 2- = 240=—-120°, aya 3 rapmonuku A3 ax =

360°

3 =360°=0,urT. 1.

W3 sToro criexyer, 4TO B CHMMETPUYHOHN Tpex(a3HOi CUCTeMe TaApPMOHUKH C
NOPSAKOBBIM HOMepoM « = 3n-2 (n =1, 2, 3...), 1.e. 1-4, 4-5, 7-9 1 T.1., UMEIOT
npsiMON TopsioK cienoBanust a3 A4 — B — C — A U, clegoBaTenbHo,
00pa3yroT CUMMETPUIHBIE CUCTEMBI MPSMOM TMOCIEI0BATEIBHOCTH. ['apMOHUKH ¢
MOPSAIKOBBIM HOMepoM K = 3n+1 (2-s, 5-51, 8-9 ¥ T.11.) UMEIOT OOpPATHBIN MOPSIIOK
cnenoBanusi a3z 4 - C - B — A wu, cienoBaTebHO, 00pa3yloT CHMMETPUYHBIC
CUCTEMBI 00paTHOW TOCIENOBATEIHHOCTU. ['aApMOHUKHN C TOPSIAKOBBIM HOMEPOM
k=3n (3-1, 6-1, 9-1 W T.J1.) UMEIOT HYJEBOW MOPSAIOK cienoBanus ¢as, T.e.
COBMAJAIOT, W, CIEAOBAaTEIbHO, OO0pPa3ylOT CHMMETPUYHBIE CHUCTEMBI HYJICBOU
MOCIIEI0BATEIHLHOCTH.

[Tycth 06MOTKH Tpex(ha3HOTO TeHepaTopa COSAMHEHBI 110 CXEME 3BE3/IbI
C BBIBOJIOM HYJIEBOM TOUKH, a ero (azubpie HanpspkeHus (3/1C) comepxat Bce
BO3MO>KHBIE TAPMOHUKH (PHCYHOK 125).

o
e

N

Y B
N

Pucynoxk 125

B gyHkusx dazHbIx HANpsH>KeHU OyIyT COep KaThCsl BCE TAPMOHUKH C
COOTBETCTBYIOIIMMH UX HOMEPY CABUTaMU (a3:
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uy(t)= Uy sinat +U,,sin2ax + Us,,sin3ax + ...
up(t)= Uysin(ax — 120°) +U,,,sin(2ax + 120°) + Us,sind3ax + ...
uc(t)= Up,sin(ax +120°) +U,,,sin(2ax— 120°) + U;,sin3ax + ...
BekTopHble nuarpamMmbl HanpsoKeHUd st 1-id, 2-i 13- TapMOHUK TOKa-
3aHbI Ha pUcyHKe 126a, 0, B.

+1 +1 +1

A A
A
U,-'J.l AEL UAEQ UﬂQ UﬂS :UEB :UB
C U Bl B B UBC2 c
al o) B)

Pucynoxk 126

JIunHeiliHble HaNPSYKEHUS] paBHBl PA3HOCTU COOTBETCTBYIOIIMX JABYX (pa3HbIX
HaNpsDKEHUM, Hapumep uyp = Uy - ug. Kak ciaegyer U3 BEKTOPHBIX AWarpaMm
pucyHka 126 aMmiuuTynbl JUHEHHBIX HANPSOKEHUW IS TAPMOHUK MPSIMOA H

06paTHO} MoCIeq0BaTeIbHOCTEH B +/3 pa3 Goiblre uX (asHbIX 3HAYCHHIL, a
FapMOHUKHM HYJIEBOM TOCIEIOBATENbHOCTA (KpaTHblE TpeM) B JIMHEHHBIX
HaIpPsDKEHUSAX BOOOIIE OTCYTCTBYIOT (PaBHBI HYJIIO):

up(H)= \3U,, sin(a)t +30° )+ VAU, sin(a)t -30° )+ 0+...

upc(f)= 30U, sin(a)t -90° )+ V3U,, sin(a)t +90° )+ 0+...

ucs(ty= \3U,, sin(wt +150° )+ \3U,, sin(wt —150° )+ 0 + ...
JleiicTBytomue 3Ha4eHHs (Ha3HOTO U JIMHEHHOTO HAMPSKECHHUS :

U, = \/%(Uzlm +UZ, + U2 +..0); U, = ﬁ\/%(Ufm +UZ +0+..)

b

CpaBHEHUE TOJIYYEHHBIX YpPaBHEHUM IOKa3bIBA€T, YTO MPU HAIUYUHU B
(da3HBIX HAMPSHKEHUSAX TEHepaTopa TapMOHUK HYJIEBOW TOCIEI0BATEIHPHOCTH
U,"l

=3 ge coOJroaercs, a
Uqb

(KpaTHBIX TpEM) CTaHIAPTHOE COOTHOILIEHHUE

nmenro U, <J3.U 4 - VI3 COBMECTHOIO peIIeHHs 3TUX YPAaBHEHHMH IOIYyYUM :

1 2 2 2 2 1 2
U, = E(Uzm +Us, +U,, +) =4V, _EUJ — JIeHiCcTBYIOIIEeE 3HAYCHHUE BCEX

TapMOHHUK HYJIEBOM IMOCIEIOBAaTeNbHOCTU. B peanpHBIX Tpex¢as3HbIX MEemsIxX
YETHbIE TAPMOHUKH, KaK MpaBUJIO, OTCYTCTBYIOT BOOOIIEe, a aMIuiutyaa 9-i
rapMOHUKHU HE3HAYUTEIbHA, TO3TOMY MOKHO MPUOIMKEHHO CUMTaTh, 4To Uy~ Us

, 1 U3mz\/§ Uy— ammintyja 3-il rapMOHUKH.
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Ecnu 06MoTKH Tpexda3zHOro reHeparopa COSIUHHUTD MO CXEME TPEyroJib-
HUKa, TO TAPMOHUKH NPSMON U 0OpaTHOM NOCIEA0BATEIBLHOCTEN B KOHTYpE Tpe-
YTOJIbHUKA CKJIJBIBAsICh, B CyMME JAalOT HYJIb, @ TADMOHMKHU HYJIEBOM IOCIEA0BaA-
TENbHOCTH CKJIAJbIBAIOTCA apU(PMETUUYECKH, U B KOHTYpE TPEyrojbHHKA OyZAeT
neiictoBath cymmapHas OJIC, paBnas 3U,. Jlake npu HE3HAYUTEIbHBIX
aMIUINTyJlaXx TapMOHUK HyJeBOM mocienoBarenbHocTd B QasHeix  OJIC,
BBI3BIBAEMBIE HMMM B KOHTYpPE TPEYIOJBHMKAa TOKM MOTYT  OKa3aThCs
3HAYUTENbHBIMH TI0 BEJIMYMHE,TAK KAaK BHYTPEHHEE COIMpPOTUBJICHHE OOMOTOK
OYEHb MAJIO. DTO MPHUBEIIO ObI K TIONOJHUTEIBHBIM OTEPSIM SHEPTHH B T€HEPATOPE
u camwkennto ero KIIJ. ITo aToif mpuunHe OOMOTKM Tpex(a3HbIX T€HEPATOPOB
3aNpeIaeTCss COEAUHATD 110 CXEME TPEYTOJIbHUKA.

Pacyer TpexdazHoi 1enu NpU HECHHYCOMJATbHOM HAMPSIKEHUH
reHepaTopa MPOU3BOAUTCS TaK K€, KaK U JII0OOM CIO0XKHOW IEeNH, a UMEHHO, IO
METOAY HaJOXEHMsI B TpW dTama. Ha 1-oM drame BBINOIHAETCS Pa3ilOKEHHE
HECUHYCOMIaJIbHOTO (pa3HOro HapsbkeHus B rapMoHndeckuil psg @ypee. Ha 2-om
JTare BBIIOJIHAECTCS PacdyeT CXEMbl JUIS KaKIOM FapMOHHUKH B OTIEIBHOCTH, IPH
3TOM YUUTBIBAETCS 3aBUCUMOCTb MOPsI/IKA ClIeJ0BaHMsl (a3 OT HOMepa TapMOHUKH.
Hampumep, rapMOHHKM TOKOB HYJIEBOM IOCJIEAOBATEIBHOCTH MOTYT 3aMKHYTBHCS
TOJIBKO 4epe3 HYJEBOM IPOBOJ, MOATOMY IIPU OTCYTCTBUM HYJIEBOI'O INPOBOAA
TFAPMOHMKHU KpAaTHBIE TPEM B (Pa3HBIX U JIMHEHHBIX TOKAX PAaBHbI HYIIIO.

Ha 3axmrountensHOM 3Tame pacyera ONPENEsIOTCS  JIEUCTBYIOLIUE
3HAYEHUS TOKOB, HAIIPSKEHUH, AKTUBHBIE MOIIIHOCTH.

B cayuae cummerpuuHOil Tpex(dasHOW HArpy3kd pacueT TOKOB H
HANPSDKEHUH T KaXKI0M TApMOHUKH MOKHO BBITIOJIHSTH TOJIBKO B OJHOM (aze A4,
a COOTBETCTBYIOIINE TOKH W HAMpPSOKEHHsI B APYrux (¢aszax oOmnpenessTh uepes
TIOBOPOTHBIE MHOXHTENHN “ ¢ ”, “ @°” ¢ y4eToM MOps/IKa ClIeIoBaHHS (as3.

Ilpumep. 3amana cxema 1nenu (pucyHok 127) ©U  KOMIUIEKCHBIC
compoTuBieHuss (a3  Ha  OCHOBHOM  wacrtore (Z , = (150 + jO)OM,
Ly = (120 + jSO)OM, Lo = (100— jSO)OM. @da3Hble HAIpPsHKEHUs TeHeparopa
HECUHYCOWIaJIbHbI, TADMOHUYECKHI COCTAB 3a/1aH :

uy = 200sinax + 50sin3 ax + 20sin5 ot

Tpebyercs onpenenuts : 1) nelicTByromue 3HaueHusl (pa3HbIX U JIMHEHHBIX

HaNpsOKEHUN reHepaTopa, 2) NeHCTBYIOIINE 3HaYeHHs TUHEHHBIX ((ha3HbIX) TOKOB

IPUEMHUKA U TOKa B HYJEBOM IPOBOJE, 3) aKTUBHBIE MOIIHOCTU T'€HEpaTopa U
IIPUEMHHUKA.

/«ga A L Ra
> ]
v | E—
B I R i
N /ﬂqn ] L] n
:l_r’W\
Y
/«qr [ O R- C
— ||
N — |
N fn

Pucynox 127

Pacuer cxemsl it 1-i rapMOHUKH (TIpsiMasi TTOCJIEI0BATENLHOCTD ):
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Y Aim 200e’"

Ly, = = —=1333""
Z 4 150+ ;0
Ly, = s = 200 = 1,538_j142’60
Z g5 120+ ;50
U j120° ' )
I = Ycoim _ 200e _ 1’10961176,3

Zo  100- 150

Lyiw =10 g, Y1y, = 1,318/

Pacuer cxembl 11 3-i rapMOHUKH (HYJIeBasi OCIE0BATENBHOCTD) :

U Jo '
lA3m = —43n = SOe .0 = 07333610
Z, 150+
] — QBT)m — 508/" — O 260—/‘51,300
TR Zen 1204150
i
I, = Uecs, _ 50e _ 0’47961'16,7"

Ze  100- 30

Lysm =L ¥ Lps + Loy = 0,957¢ >

Pacuer cxembl 1151 5- TapMOHUKH (0OpaTHas MOCIEI0BATENBHOCTH) :

U 20e”° _

L, === = 0133¢"
Zy;s 150+
U psm _ 20e""

Zyzs 120+ 5250
Ucsy _ 20e7

I, = = =0,192¢7 /1%
- Zos  100- 530

Lysw =L gsm + Ly, +Lcs, = 0,155

=0,104¢’%"

lBSm =

CuHTEe3 penieHus.
JeticTByronue 3Ha4eHus (Pa3HOTO U IMHEMHOTO HaIPSKEHUH :

Sm

U, = ﬁ\/%(Ufm +UZ) = \/5\/%(2002 +20%)=2462 B

U, 2462
—="""=1,68 NED
U, 1465 B, uTo MeHbI1IE V3

JlericTByronye 3Ha4eHUs TOKOB :

U, = \/%(Ufm +UL +U2 )= \/%(2002 +50% +20°)=146,5 B

I, - \/%(szm w12, + 1%, ) = \/%(1,3332 +0,333% +0,1332) = 0976 A
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I, = \/%(1231," T+ 12+, )= \/%(1,5382 +0,260% +0,104’) = 1108 A

I - \/%(]zam T+ 12, 12,) = \/%(1,1092 +0,4767 +0,192>) = 0,865 A

I, = \/%(lfﬂm F I3, 412, )= \/%(1,3182 +0,957> +0,155%) = 1,157 A

Tak kak IMIPpHY HAJIMYKWHU HYJICBOI'O IIPOBOAA OTACIIBHBIC (I)a?;BI IMIpUCMHUKA pa60Ta10T
HE3aBUCHUMO ApyT OT Apyra, To AKTUBHBIC MOIITHOCTH OTACJIBHBIX (1)33 HpI/ICMHI/IKa
paBHbI AKTUBHBIM MOIITHOCTAM OJHOHUMCHHBIX (1)8,3 reHepaTopa.

P, =PI R,=0.976150=142.9 Br

Py = Py-Rg=1.108%120 = 147.3 Br

Pc = Pc-R=0.865%100 = 74.8 Br

P:PA +PB+PC:365BT

10 ITepexoaHbie MpoLeCcChl B JJIEKTPUIECKUX IEMAX

10.1 OnpenesieHne nmepexoaHbIX MPOLECCOB

VY CTaHOBUBIIMMCS PEKMMOM HA3BIBACTCS TAKOE COCTOSTHUE DJICKTPUUYCCKOMN
neny (CXembl), TpU KOTOPOM HAOJIOJACTCS PaBHOBECHME MEXKAY JCHCTBUEM Ha
IeMb MCTOYHUKOB DHEPTUM W PEAKIMeW JJIEMEHTOB IIEMU Ha 3TO JEHCTBHUE.
Paznuuarot cnegyromue 4 BUJa yCTAHOBUBIIMXCS PEKUMOB B LEIH:

1) pexkxuM OTCYTCTBUS TOKA U HAIIPSKCHHUS;

2) pexuM MOCTOSIHHOT'O TOKA;

3) peXUM MEePEMEHHOI0 CUHYCOUIAIbHOTO TOKA;

4) pexxuM NepUOUIECKOTO HECUHYCOUJATBHOTO TOKA.

B ycranoBuBIIEMCSl peKUME TOKU M HAMPSKEHUS B AJIEMEHTaX LENu MOTYT
CYILIECTBOBATh HEOTPAHUYEHHO JIOIT0, HE U3MEHSs1 CBOMX BEJIMYMH U
xapakTepucTuk. [Ipu 3TOM sHEpPreTHyeckoe COCTOSHHE Ka)KIOTO AJIEMEHTa IIeTH
MOET OBITh OJTHO3HAYHO OIMPEACIICHO IS JTI000TO MOMEHTA BPEMEHH.

[TepexoaHBIM HA3BIBAETCS MPOLECC, BOZHUKAOIIAN B 3JIEKTPUUECKON LIEMH
IpU TEepexo/ie €€ OT OJHOTO0 YCTAaHOBUBILIErOCS pPEXuUMa (CTaporo) K APYyromy
YCTaHOBUBIIEMYCS peXuMY (HOBOMY). [lepexoHbie mpoI1iecchl B e BOSHUKAIOT
B pesynbTaTe KommyTtamuil. Ilom kKommyTranuend MNOHHMAOT CKayKoOOpa3HbIE
(MIrHOBEHHBIE) WM3MEHEHHUS CTPYKTYpbl (CXEMbI) IIENA WM IapaMeTpoOB €e
OTHENBHBIX  3JIEMEHTOB, BbI3BaHHBIE  BKJIIOUYEHHUEM, OTKIIOYEHUEM  WIIU
NEPEeKITIOYEHUEM OTHAENbHBIX €€ YydacTKkoB. Ha snekTpuyeckux cxemax
KOMMYyTalusi 0003HavaeTcs B BUJIE KIOUEH B Pa30OMKHYTOM (PUCYHOK 128a) wuiu
3aMKHYTOM (pUCyHOK 1280) MosoeHuu, Mpu ’TOM Pa30OMKHYTBIA KIHOY B MOMEHT
¢t = 0 3aMbIKaeTcs, a 3aMKHYTbI B MOMEHT ¢ = () pa3MbIKaeTcsl.
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a) 6)
Pucynoxk 128

L-i*
2

3amnacel OHCPIruM B  MArHMTHOM IIOJIC KaTYIIKH WM =

C-u’
2
COOTBETCTBYIOT CTapOMYy (JOKOMMYTAallMOHHOMY) YCTAaHOBHUBIIIEMYCSI PEKUMY U HE
MOTYT W3MEHUTHCS CKaukooOpaszHo. TpedyeTcss HEKOTOpOe BpeMms, UTOOBI ATH
3amachl SHEPrUU MPHUIUIM B COOTBETCTBHE C HOBBIM (IOCIEKOMMYTAIIMOHHBIM)
YCTAHOBHUBIITUMCSI PEKUMOM Ienu. TakuM oOpazoMm, (HU3WYECKH MepPexOaHBIN

MIPOIIECC €CTh MePexo ] [EMHU U3 OJTHOTO SHEPTEeTUYECKOT0 COCTOSIHUS B JIPYyTOE.

ITo BpemeHU MepexOaHbIC MPOIECCHl B AJEKTPUUECKUX LETMSIX SBISIOTCS
OBICTPONPOTEKAIOIIUMH, X JIITUTEIHHOCTD COCTABIISIET OOBIYHO JOJIA CEKYHJIBI U B
PEIKHUX CITy4asiX HECKOJIBKO CEKYH/I.

B pesynbTare nepexoaHbIX MPOLIECCOB TOKU M HANPSHKEHUS HA OTACIBbHBIX
y4acTKaxX I€NM MOTYT 3HAYUTEIbLHO BO3PAacCTH U NPEBBICUTH HMX 3HAYCHUS B
YCTAaHOBUBIIEMCS pexume. PacdeT mnepexoJHbIX MPOIECCOB B AJIEKTPUUECKUX
LEMSIX SBJISETCS BECbMA BaXXHBIM MEPONPUSITUEM: PE3yJIbTaThl TAKUX PACUETOB B
WHXCHEPHOW TMPAKTUKE WCIOIB3YIOTCS Ui TMPABWIBHOTO BBIOOpA YpPOBHS
W30JIAIIMM TOKOBEAYIIHUX YaCTeH JIEKTPOYCTAHOBOK M JJISI TPOBEPKU TEXHUYECKHUX
YCTPOMCTB HAa TUHAMHUYECKYIO YCTOHYUBOCTb.

QJICKTPUYCCKOM IIOJIC KOHJACHCATOpPAa Wg = B MOMCHT KOMMYTalluu

10.2 3akoHbl (MpaBuJIa) KOMMYTAIIUN

[lepBbIit 3aKOH KOMMYTAIIMH TJIACUT, YTO TOK iz B LIETH C KATYIIKOW UHIIYK-
TUBHOCTU L B MOMEHT KOMMYTAITUX HE MOXKET U3MEHUTHLCS CKAaYKOOOPa3HO, T.€.

i;(-0)=1i,(+0)=1i,(0)=const

[Ipenmonoxum oOpaTHOE, YTO TOK i; M3MEHSETCS CKAYKOM, YTO O3HAYaeT

di
E = 0 . U3 hToro CICAyCT, YTO HAIIPSXKCHMEC Ha KAaTYIIIKC
di
uL = —L = 00 ,
dt
U MOIIHOCTD, HOTpe6J'I$IeMa$[ MAarduMTHBIM IIOJIEM KaTYIIKH
|
d(-Li,%) .
dw L di
p="u__ 2 =Li,—t=00,
dt dt dt

HOHY‘IGHHBIG BBIBOJLI ITPOTHBOPCYAT (1)I/ISI/I‘ICCKI/IM 3aKOHaM, TaK KaK HCJIb34
MOJIYHYHUTDb HAIIPSKCHUC =0 W B IMPHUPOJAC HC CYHICCTBYCT MCTOYHUKOB DHCPIHUH,
CIIOCOOHBIX pa3BUBaTh 6GCKOH6‘—IHYIO MOIIIHOCTB. CJ'ICI[OBaTeJILHO, HamIe
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INEPBOHAYAIBHOC IIPCAIIOIOKCHUE ABJIACTCA HCKOPPCKTHBIM, KW MbI BIIPABC

di

L . o
YTBCPKAATh, 4YTO dt 7“'0, HJIX TOK I; B OCIIH C KAaTYIIKOH L B MOMEHT KOM-

MyTallid HE MOXET U3MEHUTHCS CKAauKOOOpa3Ho.

Bropoli 3akOoH KOMMyTalMyd TJACUT, YTO HANPSIKEHUE Uc HA BBIBOJAX
KoHJieHcaTopa C B MOMEHT KOMMYTAIlMd HE MOXKET M3MEHUTHCS CKauKooOpas3Ho,
T.€.

u-(-0)=u,.(+0)=u,(0) = const .
[Ipenmnonoxum oO6paTHOE, YTO HAIPSHKEHHUE Uc U3MEHSETCS CKAauKOM, YTO

du
C
O3Ha4dacT ? =00, U3 aToro CJICayceCT, 4TO TOK B KOHACHCATOPC
du
i = _dc =0,
t
U MOIIHOCTH, HOTpe6J'I$[eMa$[ QJICKTPUYCCKHUM I10JIEM KOHACHCATOpa
1 2
d(-Cu,?)
aw. ¢ du
P = <) = 2 = CuC ¢ = OO0 .
dt dt dt

[TomyueHHbIe BBIBOJBI MPOTHBOPEYAT (PU3UUECKUM 3aKOHAM, TaK KaK HEJIb3s
NOJIYYUTh TOK [=c0 W HE CYIIECTBYET HCTOYHUKOB HHEPrUH OECKOHEHUHOMU
MoIHocTh. Clie1oBaTeabHO, HAlle NEPBOHAYAIBHOE MPEANOJIOKEHNUE SBISETCS

du
C
HEKOPPEKTHBIM, U MBI BIIPABE YTBEPKIATh, ‘-ITO? # 00 WJIM HaIpsOKEHUE U Ha

BbIBOJIaX KoOHAcHcatopa C B MOMEHT KOMMYTAIlHM HE MOXET HW3MCHHTHCS
CKauKO0Opa3HO.

3aKOHBI KOMMYTAllMd HCIOJB3YIOTCS Ha TPAKTHKE I ONPEICIICHUS
HAYaJILHBIX YCIOBHM TP pacdeTe NMEPEX0THBIX MPOIECCOB.

10.3 HauaJbHbIe yCJIOBHS MIEPEXOTHOIO0 Mpoiecca

HayanbHbIMH YCJIOBUSIMU HA3bIBAIOTCS MTHOBEHHBIE 3HAYEHUS OTACIbHBIX
TOKOB M HAIPSKEHUH, a TAKXKE WX MEPBbIX, BTOPbIX U T.J. IPOU3BOAHBIX B Hayaje
NePEeXOoAHOro Mpolecca, T.e. B MOMEHT KommyTatuu npu =0. HadanbHble ycnoBus
JEJISITCS Ha 2 BUJIA: HE3aBUCUMBIE U 3aBUCHUMBIE.

K He3aBUCUMBIM HayalbHBIM YCIOBUSM OTHOCATCA TOKM B Karyikax iz(0) u
HanpspbkeHus: Ha koHjaeHcaTtopax uc(0). HesaBucumble HayaldbHBIE YCIOBUS
OTIPEIETISIOTCS 3aKOHAMU KOMMYTAIlUH, OHU HE MOTYT U3MEHHUTHCS CKAYKOOOpa3HO
U HE 3aBUCAT OT BUAAa KOMMYyTauuu. X 3HaueHus omnpenensitorcss U3 pacuera
CXEMbl I€NU B YCTAHOBUBIIEMCS JOKOMMYTAallUOHHOM pPEXUME Ha MOMEHT
KoMmyTanuu =0.

Ipumep. Onpenenuth He3aBucuMble HauyaiabHble yciaoBus ir(0), uc(0) B
cxeMe pucyHka 129 nipu 3aaHHBIX 3HAYEHUSIX apaMeTPOB 1eMeHTOB: R;=50 Om,
L=100 MI'H, R,=100 Om, C=50mk®d, a)ans noctosiuHor DJC e(f)=E=150 B =
const; 0)mist cunycounanbHot IJIC e(r)=150sinwt, =50 I'm.
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e ) o =]

b

Pucynoxk 129

a) Ilpu nocrosuHOM DJIC uctouHuka e(f)=FE pacyeT cXeMbl MPOU3BOIUTCS

KaK i1 UEeNd NOCTOSHHOTO TOKa: Karymka L 3aKkopadyuBaeTcs, BETBb C

KoHJieHcaTopoM C pa3MBIKAE€TCsl, YUUTHIBAIOTCS TOJBKO PE3UCTUBHBIEC SJIEMEHTHI R.
E 150

R +R, 50+100
u.=U,=1-R,=1-100=100 B

HeszaBucumelie HauanbHblie yenous: i;(0)=1 A, U~0)=100 B.

0) Ilpu cunycounansHori DJIC ucrounuka e(t)=FE,sinwt pacdyeT CXEMbI

MPOU3BOAMUTCS KaK JUJIsl LIEH TIEPEMEHHOrO0 TOKa B KOMIUIEKCHOW ¢opMme s
KOMILJIEKCHBIX aMIUTUTYH (PYHKIUH.

b

1 1
X, =wL =314-0,1=31,4 Om; X, =63,7 Om

“ wC 314-50-10°°
R,(—jX.) 100(—j .
Z, = o ( J. o) _ 00( .].6377) _ 53,7ej57,5 O
R,—jX., 100- ;63,7
Z,=R +jX,+Z,=50+;31,4+537¢""° =80,le """ Om
Jjo _
im — Em — 150?.101 — 1,878110,1 A
Z, 80,le’"
u, =1,-Z,=187e"".537¢ =100,4¢’°° B
i(t)=187sin(ex +10,1°) A
u (1) =100,4sin(wr +67,6°) B
HGSaBI/ICI/IMHe HadaJIbHBIC YCJ'IOBI/IHI
i(0)=1,87sin(10,1°) = 0,32 A
1. (0) =100,4sin(67,6°) =92,8 B
K 3daBUCHUMBIM HAa4YaJIbHBIM YCJIOBI/IHM OTHOCATCA 3HAYCHUS BCEX OCTAJIBHBIX
TOKOB U HaHpH)KeHHI)'I, d TaK XK€ 3HAUYUCHU HpOI/I3BOI[HBIX OT BCEX HepeMeHHBIX B
MOMEHT KoMMyTanuu npu =0. 3aBUCHMbIE HaYalbHbIE YCIOBHUA MOLYT
N3MCHATHCA CKa‘-II(OO6p33HO, X 3HAUYCHUA 3aBUCAT OT BHAAd U MECTaA KOMMYT aluu.

3aBrCcHMbIC HAaYallbHBIC YCIIOBHS OMPEICIAIOTCS HAa MOMEHT KOMMYTaIluu
=0 w3 cucrembl auddepeHIManbHbIX ypaBHeHUM (ypaBHeHud Kupxroda),
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COCTABJICHHBIX JJISI CXEMbl B COCTOSIHUM TMOCTE€ KOMMYTAIINH, yTEeM IMOJICTAHOBKU
B HUX HalJICHHBIX paHEe HE3aBUCHUMBIX HayaJbHBIX YCIOBUU.

Jlist paccmaTpuBaeMoil cxeMbl pucyHka 129 cucrema nuddepeHimanbHbIX
ypaBHEHUHN UMEET BUJI:

. di
iR, +LE+ u. =e(t) Q)

du,.
2
7 (2)

a) [Tpu noctostnuoit D/]C uctounuka e(f)=E=const 3aBUCUMbIE HaYaJIbHbIC
ycJIoBUsI OyAyT PaBHBI:

1, (0)=i(0)-R, =1-50=50B
1, (0) = e(0) — 1, (0) — . (0) =150 -50-100=0 B

i=C

di u, (0) 0
—_ O = L = :O A
0= T T00107 fe
du, i(0) 1 \

0 =) _ ~2.10* B/
2 O=7C T50007 ¢

Jlns  ompeneneHus HAYadbHBIX YCIOBUH JUIS BTOPBIX IPOU3BOJHBIX
ucxonnele nuddepeHmaNbHbIe  ypaBHEHHUS AUGGEPSHIUPYIOT MOWIEHHO TIO
MIEPEMEHHOM ¢ ¥ TIOJICTABIIAIOT B HUX HaWJICHHBIC HA MPEIBIAYIIEM dTare 3HauYeHUs
3aBUCUMBIX HAYaJIbHBIX YCIOBUH, U T.]I.

0) IIpu cunyconnansuoit 3/1C ucrounuka e(¢)=E, sinwf 3aBUCUMbIC HaYaJTh-
HBIC YCJIOBHUSI OMPEIEISAIOTCS TOYHO TakkKe, KaK W JUIsl IEeNH C HCTOYHUKOM
noctossaHOM DJIC.

HauanpHbie yCIIOBHUS MCTIONB3YIOTCS MPHU pacyueTe MEPEeXOHHBIX MPOIECCOB
JIFOOBIM METOOM.

10.4 Knaccuuecknii MeTO/1 pacuera nepexoHbIX MpPoueccon

IlepexonHble mporecchl B 000N AIEKTPUYECKOM LENMM MOXHO ONMCATh
cucteMoi AuQepeHInaIbHbIX YpaBHEHUH, COCTABIECHHBIX U CXEMBbl LENU 10
3akoHaM Kupxroda. B MaremaTmke HM3BECTHO HECKOJIBKO METOJIOB pPEIICHHUS
cucteM nudPepeHINATBHBIX  ypaBHEHHWH: KIIACCUYECKHM, OIMepariOHHBIN,
yucleHHbIN 1 1p. Ha3Banue MeTona pacuera MEepexoJHbIX MPOLIECCOB aJCKBATHO
HA3BaHUIO MATEMAaTHMYECKOTO METOJa pelIeHHs] CUCTeMbl IuddepeHInanibHbIX
ypaBHEHU, KOTOPHIMHU OIHCHIBAETCS MEPEXOAHBIE TPOIIECCHI.

Hckmroyas u3 cuctemsl guddepeHnanbHeix ypaBHenuit Kupxroda numniane
NEPEMEHHbIE, MOTYYUM B pe3ysbTaTe A UCKOMON (YHKIUU X(f) HEOTHOPOIHOE
¢ depeHINaTbHOE YPAaBHEHUE 1-I'0 MOPsIKA:

d"x d"'x

O e g

r7ie X — UICKOMasi BeJTMYMHA, HAIIpUMep I WIH U; a; — MOCTOSHHbBIE KOA((OULIUEHTHI;
F(f) — HexoTopast pyHKLMs BpEMEHHU, OlpeiensieMasl HCTOYHUKOM SHEPrUH.

d.
+...+al-£+a0-x=F(t),

136



N3 xypca MaTeMaTWKH U3BECTHO, 4YTO pelieHue (oOmuil HHTerpant)
JUHEHHOTO HEOIHOPOIHOTO MU(PEpEeHINATFHOIO YPaBHEHUSI COCTOUT U3 CYMMBI

ABYX pemieHnmii: a) X'(f) — MOMHOTro pemreHus ogHOPoAHOro (63 mpaBoii yacTw)
nuddepeHnnanbHOro ypaBaenus 1 0) X' () — 4acTHOro pelIeHus HEOAHOPOIHOTO
nuddepeHnanIbHOTO YpaBHEHUS JIJISL (= O :

x(@)=x"(t)+x"(¢).

Bun uyactHoro pemenus X'(f) it [ = o0 ONpeNeNseTcs UCTOYHUKAMU
SHEPIMU M COOTBETCTBYET 3HAYEHUIO HMCKOMOM (PYHKIHMH B YCTAHOBUBIIEMCS
MOCIIEKOMMYTAIIMOHHOM ~ peskume: X (1) =x (). B  onekTporexHuke 9ta
COCTaBJISIONIAS PEIICHUS MMOIyYnIIa HA3BAaHUE YCTaHOBUBIIICHCS.

[TomHOe pemieHre OMHOPOAHOTO IU(PPEPEHITMATBPHOTO ypaBHEHUS HMEET
BHI:

X'O)=4,-e"+4,-e™ +..+ 4, -e™
rae A;, As... An — TOCTOSHHbIE WHTETPUPOBAHUS;  Pi, P2,..., Pn — KOPHH

XapaKTePUCTHUECKOTO  YPaBHEHMS, KOTOpPOE TMOJY4aloT W3  OJHOPOIHOTO
g depeHInanbHOr0, 3aMEHUB B HeM x— 1, dx/dt—p u T.1.:

9

n n—1 _
a-p'+a, -p" +..+a-p+a,=0.
OTa COCTaBISIOMIAs PELICHHS HE 3aBUCUT OT HMCTOYHHKOB SHEPrHHU, B
o !
NIEKTPOTEXHUKE OHA TOJTy4HIa HazBaHue cBoOoHoM: X (1) = X, (7).

Takum oOpaszoM, pemieHue i MCKOMOW (YHKIUMU (TOKa, HAMpsHKEHUS)
MOJKET OBITh MPEICTABIICHO B IPUHSITON B AIEKTPOTEXHUKE Popme:

x()=x,()+x,()=x, )+ 4" + 4, -e™ +...
DU3MYECKHi CMBICIT HMEET TOJIBKO TIONTHOE PENIeHHE IS HCKOMOH (hyHKIIHH

x(f), a ee oTAenbHBIE cocTaBidgommUe X, (1) U X (f) sBIAIOTCS pacYeTHBIME

BEITUYMHAMU.
MeTton pacyeTa MEpPEXOAHOTO MpoOIecca, 3aKIIOYAIOUINIICS B PEIICHUU
HEOMHOPOMHOTO U (PEepeHInaTbHOTO ypaBHEHUS KIIACCHYECKHM  METOJIOM
MaTEeMaTHKH, MTOJTYYUI Ha3BaHUE KIIACCHYECKOTO.
Pacuer mnepexonHOro mpouecca KIACCMYECKUM METOJIOM COCTOUT U3
CJIEIYIOLIMX COCTABHBIX YACTEW WJTU ITAIMOB:

a) pacyeT yCTaHOBUBLIECHCS COCTABIIAIOIIEH X, (1)

0) cocTaBieHHE XapaKTEPUCTHUYECKOIO YpPaBHEHUS M OMNpPEIEICHHE €ro
KOPHEH py,..., Pn;

B) ONpEJIETIEHUE OCTOSHHBIX HHTETPUPOBAaHUS A1, Ay, . ...

Cnenyer OTMETHTB, YTO pacyeT MEepPEXOJHOro Ipolecca KIACCHYECKUM
METOJIOM BBIIIOJIHAETCS HE B CTPOTOM COOTBETCTBHUH C MAaTEMAaTUYECKUM METOAOM
pELIeHNs] HEOMHOPOAHOIO AU(HepeHIINATBLHOrO ypaBHeHUs. PU3NUECKHE 3aKOHBI
IEKTPOTEXHUKH MTO3BOJISIOT CYLIECTBEHHO YIIPOCTUTH 3TO PEIICHHUE.
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10.5 Onpenesienne ycraHOBMBIIEHCH COCTABJIAIOLIEH X, (7)

Kak M3BECTHO, YCTaHOBHBILASICS COCTAaBILSFOIIAs HCKOMon dyHkimu X, (7),

SIBJSISICH YaCTHBIM PEIMICHUEM HEOIHOPOTHOTO Au(dEepEeHITNATBHOTO YPaBHCHHUS
IIPY =00, COOTBETCTBYET 3HAYCHUIO HCKOMOW (DYHKIIMH B YCTAaHOBUBIIEMCS TIOCIIC
KOMMyTaluu pexume. OmnpenesieHre 3TOW  COCTABISIONIEM MaTEeMaTHYE€CKUM
METOJIOM W3 pemeHus au(epeHIInaIbHOTO0 YPaBHEHUS JTOBOJIBHO CIIOXKHO U
Tpyaoemko. ['opa3mo mpore HaWTH 3Ty QYHKIIUIO WHKEHEPHBIM METOJOM ITyTeM
pacyera CXEMbl e B YCTAHOBHUBIIEMCS PEKHUME IOCJIE KOMMYTAllMH, YTO U
JIENA0T Ha MPAaKTHKE.

IIpumep. Ompenenuts yCTaHOBUBLIYIOCS COCTaBJIAIONLYIO Ul TOKA i, B
cxeme pucyHka 130 npu 3a7aHHBIX 3HAYCHUSIX MTapaMeTPOB 3JIeMEHTOB: R;=50 Owm,
L=100 MI'H, R,=100 Om, C=50mk®d, a)ana noctosiuHor DJC e(f)=E=150 B =
const; 0)mist cunycounanbHot IJIC e(r)=150sinwt, =50 I'm.

) Ry ] Q \I\\
::Im

et |) ve| =%

Pucynox 130

[Toce KOMMyTalMK BETBh C PE3UCTOPOM R, OTKIIOYACTCS M HE OKa3bIBACT
BJIMSTHUS HA PEXKUM OCTAITLHOU CXEMBI.

a) Ilpu nmocrosiuHoi DJIC ucrounuka e(t)=E=const TOK B cXeMe NpOTeKaTh
HE MOXeET (CONMPOTUBJICHHE KOHACHCATOpa TIOCTOSIHHOMY TOKY PaBHO o0),
clieioBaTenbHoO ,(1)=0.

6) Ilpu mnepemennoit DJIC wucrounuka e(f)=FE,sinwt  pacuer
YCTaHOBUBIIETOCS PEKMMa  BBITIONHSAETCS B KOMIUIEKCHOW  dopme s

KOMIUIEKCHBIX aMITuTy ] ¢pyHkiuil. [1o 3akony Oma:
jo
I LS L R
R +jX,—jX. 50+ ;31,4- ;63,7

i,()=2,52sin(ewt +32,9°) A

Bun ycTaHOBUBIIEHCA COCTABIISIIOIIENM COOTBETCTBYET BUAY MCTOYHHUKOB
SHEPrUH, KOTOPHIE IEUCTBYIOT B CXEME LIETIU.

10.6 MeToabl cocTaBJICHUS XaPAKTEPUCTHYECKOT0 YPABHECHHU S

CBOOOAHBIA PEXHM CXEMbl HE 3aBHCUT OT MCTOYHUKOB BSHEPIuH,
OMPEJIEISAETCS TOJIBKO CTPYKTYPOH CXEMBI U IapaMeTpamu ee 3JieMeHToB. U3 aToro
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CIIEZIyeT, YTO KOPHU XapaKTEPUCTHUECKOTO YpaBHEHUS pi, pa,..., P, OyIyT
OJIMHAKOBBIMH IS BCEX MEPEMEHHBIX (PYHKIMI (TOKOB M HAIIPSKEHUI).

XapakTepucTU4YeCKOE  YPaBHEHHE  MOXHO  COCTaBUTh  Pa3IUMYHBIMU
metogamu. IlepBblii MeTON — KIIACCHMYECKUH, KOTJa XapaKTepUCTHUYECKOE
YpaBHEHHE COCTABIISICTCSI CTPOTO B COOTBETCTBUU C UG PEpeHIHATBHBIM 10
KJaccudeckor cxeme. Ilpu pacdere mepexoAHBIX IMPOLECCOB B CIIOKHOW CXeMe
cocTaBisieTcss cucteMa w3 “m” nuddepeHIualbHbIX ypaBHEHHH 10 3aKOHaM
Kupxrodha s cxembl 1end Tmoclie KOMMYyTamud. Tak Kak — KOpHH
XapaKTEPUCTHUECKOTO YPABHEHHUS SIBJISIOTCS OOIIUMU JISi BCEX MEPEMEHHBIX, TO
peleHne cucTeMbl U PEpEeHINATBHBIX YPABHEHUN BBIMOIHACTCS OTHOCHTEIBHO
aroboi  mepeMeHHOM (o  BbIOOpY). B pesynmbrare pemieHus MOMIydaroT
HeoJqHOpoaHOoe naupdepeHInanbHOe ypaBHEHUE ¢ OAHOM mepemeHHoi. Co-
CTaBIISIIOT XapaKTEPUCTUYECKOE YypPAaBHEHHE B COOTBETCTBHHM C TOJYYCHHBIM
Qg QepeHIaTbHBIM U OIPEAETISIOT €r0 KOPHHU.

IIpumep. CocTaBUTh XapakTEPUCTUUYECKOE YPAaBHEHUE U ONPEACITUTH €ro
KOpPHU /715 IEpEMEHHBIX B cxeMe (pucyHok 131). [TapameTpbl 271eMEHTOB 3a/1aHBI B
o0111eM BUIE.

b B
L

| Vi .
em<> R,

Pucynoxk 131

Cucrema nuddepeHumanbHbIX ypaBHeHUN 1o 3akoHaM Kupxroda:

fi1R1+L%:e(t) ()= i, _e L di
dt R, R, di
iR+ L9 )= = L9
dt R, di
=6, —5;,=0(3)

Pemmm cucrteMy ypaBHEHHI OTHOCHTENIBHO IIEPEMEHHOM I3, B PE3YyJIbTATE
HOJIyYUM HEOJHOPOHOE MU PepeHINaIbHOE YPAaBHEHHE:

XapakTepucTUYECKOE YPABHEHHE U €r0 KOPEHb:
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p £+£ +1=0 = p:—ﬁ [c']
Rl R2 L (Rl + RZ )
Btopoit  cmoco®  cocTaBlieHMST ~ XapaKTEPUCTHYECKOTO  YpaBHEHUS
3aKIII049acTCsA B IIPUPABHHBAHMM HYJIIO TIJIABHOrO OIPCACIUTEId CHUCTCMbI
ypaBHeHui Kupxroda a1st CBOOOIHBIX COCTABJISIONINX MMEPEMEHHBIX.

HYCTI) CBO60,Z[H8,}I coCTaBlomasd IMPOU3BOJBHOTIO TOKa HMMECT BHA

. t
lees = Akep , TOT1a

dt p
Cucrema ypaBHEHMH [JIsi CBOOOJHBIX COCTaBISIOUIMX MOJMy4aeTcss U3
cuctembl  nuddepeHnmanbHbix  ypaBHeHud — Kupxroda myrem  3ameHbl
IPOM3BOJHBIX OT MEPEMEHHBIX Ha MHOXHUTENIb p, a WHTerpaioB — Ha 1/p. s
paccMaTpuBaeMoro mpuMepa CUcTeMa ypaBHEHUH ISl CBOOOIHBIX COCTABISIONIUX
UMEET BUI:

1
Kce p.AkePf — plkLG ;Iixcgdt:IAkeptdt:_Akept:—i
p

iR +0+pL-i,, =0

0+i, R, +pL-i,,,=0

ilc@ - iZCG - i3ce = O
XapaKTCpI/ICTI/ILIeCKoe YPAaBHCHHEC U €I'0 KOPCHL!

R, 0 pL
A=0 =R, pLI=R-R,—R-pL-R,-pL=0 = p:—Rl'RZ .
1 -1 —1 L(R,+R,)

Tperuit  crmoco®  cocTaBieHHS  XapaKTEPUCTUUYECKOTO  YpaBHEHHUS
(MH)KEHEpHBIN) 3aKII0YaeTcsi B MPUPABHUBAHUM HYJIIO BXOJHOTO OIEPATOPHOTO
COMNPOTHUBIIEHUSI CXEMbI OTHOCUTEIIBHO JIFOOO €€ BETBH.

OnepaTopHOE COMPOTHUBIICHHE 3JIEMEHTA MOJIyYaeTCsl U3 €ro KOMIUIEKCHOTO
CONPOTHUBIIEHUS ITyTEM MPOCTOMN 3aMEHbI MHOXKHUTEJS j Ha p, CIEI0BATEIBHO

Zy(p)=R;, Z,(p)=pL; Z.(p)= L-

pC
Jlns paccMaTpuBaeMoro rnpuMepa:
DT LAY P . S
R, + pL L(R,+R))
R - pL R -R
Z,(p)=R,+ =20 = p=-—12 .
R +pL L(R +R,)
R -R R -R
Zyp)=pL+——==0 = p=—"T—

R +R, L(R,+R,)
Tpetuii cioco6 siBsieTcst Hanbosiee MPOCTHIM M SKOHOMUYHBIM, TO3TOMY OH

qame - JJpyrux HOpuMCHACTCA IIPU  pacdCTC  IMCPCXOAHBLIX  IMMPOLCCCOB B
SJICKTPUICCKUX LCIAX.
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KopHau xapakTepucTH4eckoro ypaBHEHHUs XapaKTepU3yIOT CBOOOIHBIN Tepe-
XOJIHOM mpouecc B cxeme 0e€3 UCTOUHUKOB 3HEepruu. Takoil mporecc mpoTeKaer ¢
MOTEPSIMA SHEPTUU W TOATOMY 3aTyXaeT BO BpeMeHHu. M3 atoro cienyer, 4to
KOPHU XapaKTepUCTUYECKOTO0 YPaBHEHHUS JOJKHBI OBITh OTPUUATEIBHBIMH HIIU
MMETh OTPULIATENIBHYIO BEILIECTBEHHYIO YaCTh.

B oOmem cinydyae mnopsinok auddepeHInasbHOoro ypaBHEHUS, KOTOPBIM
ONMUCHIBACTCS TMEPEXOJHBIM IPOIECC B CXEME, U, CJIEJOBAaTEIbHO, CTENEHb
XapaKTEPUCTHYECKOTO YPAaBHEHHMSI W YHMCIO €ro KOPHEW paBHBI YHUCIY
HE3aBUCUMBIX HAYaJbHBIX YCIOBUM, WM YHCIY HE3aBUCHUMbBIX HAKOIMUTEIIEH
sHeprun (katymek L u konzaeHcaropoB C). Ecaum B cxeme Lienu coAepaTcs
napajyieIbHO BKIIOUeHHblE KoHAeHcaTtopbl (i, C,... WIH TOCIEIOBATEIBHO
BKJIIOYEHHBIE KaTylKHA L, L,,..., TO NPHU pacyeTe NEPEXOIHBIX IPOLECCOB OHU
JIOJDKHBI OBITh 3aMEHEHBI OJJTHUM 3KBHUBAJICHTHBIM 3jiIeMeHTOM Cr =C +Cht... uan
L3 :Ll +L2+...

Takum oOpazom, oOmwMi BuJA pelieHus [Js J00H TNEepeMEeHHOW Ipu
pacyeTe MEepexXOJHOro Ipollecca MOXET ObITh COCTaBJIEH TOJBKO W3 aHalu3a
CXeMbl 1lenH, Oe3 COCTaBlIeHHWS M peuieHuss cucrteMbl AuddepeHaIbHbIX
YPaBHCHUU.

JInst paccMaTpuBaeMoOro BbILIE TPUMEpA:

)i () =i, () +i,, () =1, + 4e"" — npu e(t)=E=const;
6) i) =i, (O)+i, () =1, sin(@t+y)+A4e"" — npu e()=E,sin(wt+a).

10.7 OnpenesieHne NOCTOSSHHBIX HHTETPUPOBAHUSA

OnpeneneHne  NOCTOSHHBIX ~ WHTEIPUPOBAHUS  MPOU3BOJAUTCA  HaA
3aKJIIOYUTENIBHOM JTale€ pacdyeTa IEepPEeXOJHOro IpOoLecca, KOraa OCTalbHbIC
COCTaB/LIOIIME pElIeHHMs Yyxke HauAeHbl. [loCTOsHHBIE HMHTErpUpOBaHUS
ONpEACNAIOTCS MyTEM IMOACTaHOBKM B pELIEHUE i HMCKOMOW (yHKUIUU
COOTBETCTBYIOIINX HAYAJIbHBIX YCIOBUH.

[Iycts pemieHue ansi UCKOMOW (GYHKIUHU i(f) COINEPKUT TOJBKO OAHY
IIOCTOSIHHYXO UHTETPUPOBAHUS:

. . . . t
(=i O+, =1, sn(wt+a)+A4e"
[TocTostHHAs MHTErPUPOBAHUS HAXOJUTCS IMYTEM IMOACTAHOBKU B PEIICHUE
HAYaJIBHOTO YCJIOBHSI IJIsi caMoil pyHKIuH, T.€. i(0):
i(0)=i,(0)+i,0)=1,sina+4 = A4=i0)-1, sinax.
[Tyctsb pemienue Ay nckoMoit pyHKIMHU i(f) COAECPKUT JBE MOCTOSHHBIX HH-
TErpUPOBAHUS U UMEET BU/L:
i(t)=i,()+i,(t)=1,sin(ot+a)+ Ae"" + 4,e”’
[locTosiHHBIE MHTETPUpPOBaHUS B O3TOM CJIy4yae HaXOAATCS IyTEM
MIOJICTAHOBKHM B PEIICHHE HAYaJIbHBIX yCIOBUHM g camoil ¢yukuuu i(0)u ans ee

9 0).

MIEPBOM MTPOU3BOJHOM o
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i(0)=1,sina+ A4, + 4,
%(0) =wl, cosa+ p A4 + p,A,

B pesynprate COBMECTHOrO pPEMIEHHS JITOM CHUCTEMBI ypABHEHUU
ONPEACIISIIOT KUCKOMBIE TOCTOSIHHBIE HHTETPUPOBAHUS A U A, .

[TocnenoBaTenbHOCTD BBINOJHEHHS OTAEIBHBIX ITAIIOB pacyeTa
MIEPEXOIHBIX MTPOLIECCOB KJIACCUYECKUM METOJIOM IOKa3aHa HUXKE B BUJIE
JarpaMMsl.

10.8.AsiropuT™ pacuyera nepexoaHbIX MPOUECCOB KJIACCHYECKHUM

HcxonHble JaHHBIE: CXEMa IIETIH, BU KOMMYTAIIUH, TapaMeTPhI
OTJIEIIbHBIX 2JIEMEHTOB CXEMbI, HCKoMas GyHKIUSA f(f)
Cucrema qud. HezaBucumelie XapakTepHucr. OOuwmii BU Pemenue
yYpaBHEHUH O HayaJlbHbIE ypaBHEHUE pelIeHus st JUISTYCTaH.
3aKOHaM YCIIOBHS U €ro byHKIIN COCTaBIL.
Kupxroda 11(0),uc(0) KOPHUP1, AO=f+ e 1u?)
3aBUCHMBIC HaYaTbHBIC YCIOBHS OmnpeneneHne MOCTOSHHBIX UHTETPUPOBAHUS
JUISL ONIPEA. TOCT. HTETPUPOBAHUS — A, Ao, ...

[TonmHoe perenue st UICKOMON (QYHKIIUU

AO=f D)4+ A&+ ...

IIpumeuanusi: 1. BpimoiaHeHue Bcex 3TamoB, O0O3HAYEHHBIX B JAHarpaMme
KJIETKaMH, SIBJISIETCST 00S3aTEIHHBIM U HEOOXOTMMBIM.

2.BbiloNHEHWE TEPBBIX MSATH JTAloOB, HAXOASIIUXCS B BEPXHEM
TOPU3OHTAIILHOM  PSJy JAAarpaMMbl, MOXET MPOU3BOJUTHCA B  JIHOOOM
MOCJEA0BATEIBbHOCTH, TAK KAK OHHM HE 3aBUCST APYT OT JIpyTa.

IIpumep. Jlns cxembl (pucyHok 132) c 3agaHHBIMH IapaMeTpaMH
sanemeHToB: E=100 B, R=50 Om, R;=20 Om, R,=30 Om, C=83,5 mx®D, onpeaenuThb
TOK 7; IOCJIE€ KOMMYTAaIIUH.

T
B h,
— | ] )
R b

)
N
Iy
|
"

Pucynoxk 132
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1)O61mmii BU pemeHus 11l HCKOMON (yHKIUH:
. _ . _ pt
L) =i, +i, =1, +4e
2)OnpeneneHue yCTaHOBUBIIEICS COCTABIAIONIEN U3 pacdyeTa CXEMbI
nocie KOMMYTaIlUu:

E 100
w(O=1, R +R, 20+30
3)XapakTeprucTUUEeCKOE YPaBHEHUE U €r0 KOPEHb:

2A

1 R R R +R 20+30
V4 = +—12 -0 = =—-—1 2=
«(p) P RR,C 20.30-83.5-10°

= =-1000¢"!
pC R +R,

4)HezaBucumoe HauanbHOe YycnoBue u(0) u3 pacyera cXembl [0
KOMMYTAaIUU:

E-R,  100-30
R+R +R, 50+20+30

5)Cucrema nuddepeHnanbHbIX ypaBHeHHH 10 3akoHaM Kupxroda pis
CXEMBI TIOCTIE KOMMYTAIIHH:

Ucony TUc (0)=i,R, = OB

(. L.
IR, +EIl3dt =E (1)

A

1
~i,R, +Eji3dt =0 (2

=i, =i =0 (3)
6)HauanbHoe yCHOBHé i1(0), HEOOXOIUMOE IJI OMpPENENICHUS MOCTOSHHOM
UHTErpupoBaHus U3 ypaHeHus (1):
i (0) = E—u.(0) _ 100 -30 _
R, 20
7)Onpenenenue mNoCTOSHHON HHTETPUPOBAHMUS:
((0)=4,00)+4,0)=2+4, =35 = 4=35-2=15A
8)Perenue aJist ICKOMOW (PYHKITHU:
i(t)= Ly +i, = 2+1,5e

35A

—-1000¢

9)I'paduueckas quarpamMma HCKOMOM (DYHKITUU i;(f) MOKa3aHa HA PUCYHKE
133:

Pucynoxk 133
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10.9 OnepaTopHbIii MeTO/I pacueTa MmepexoaHbIX MPOLECCOB

Eciu cucrema nuddepeHralbHbIX YpaBHEHUH, KOTOPHIMU OIKMCHIBACTCS
NEPEeXOAHOM MpoIleCC B CXEME, PEIIaeTcs ONEPAllMOHHBIM METOJOM, TO U CaM
METOJI pacuera MEepPeXOoJIHOTO MpoIlecca TaKKe Ha3bIBAE€TCS OINEPAlMOHHBIM WU
OMEePaTOPHBIM.

CymHOCTh OIEpaTOPHOIO METOAA COCTOMT B TOM, YTO Ha 1-oM J3Tame
neucTBuTenbHbIe (PyHKIMU BpemeHW i(f), u(f), Ha3bIBaeMble OpPUTHHAIAMH,
3aMEHAIOTCS HEKOTOpPhIMH HOBBIMU  QyHKuMsMu [I(p),U(p), Ha3pIBaeMbIMU
orepaTopHbIMU  M300pakeHUsIMA. COOTBETCTBHE MEXIY OPHUTHMHAIOM (DYHKIHUU
f(t) u ee onepaTopHBIM M300pakeHHEeM F(p) yCTaHABIUBAECTCS HA OCHOBE MPSIMOTO
npeobpa3zoBanus nHTerpaia Jlamnaca:

F(p)=[f@-e?dt wm  F(p)o [0,

I7ie <> — 3HaK COOTBETCTBHUS; p=0-+j @— KOMIUIEKCHBIN oneparop Jlammnaca.

Ecmu of] = 0, To p= jw, n npeobpa3oBanue Jlamiaca mpeBpamiaercs B
npeodpazoBanue Pypbe, KOTOPOE JIEKUT B OCHOBE KOMIUIEKCHOTO METO/A pacyeTa
Leneil mepeMeHHoro ToKa.

[Ipeo6pa3oBanue Jlammaca mo3BOJIIET 3aMEHUTH OMEpaAlMU 2-TO poja Hajl
opurnHanamu QyHKuuN (AuddepeHurpoBaHe U UHTETPUPOBAHKE) HA ONEpaLUU
l-ro pona (YMHOXXEHHE W JEJICHHE) HaJ OMNEepaTOPHBIMH M300paKEHUSIMH ITHX
byHKIHIA.

Pacuer nepexoHbIX MPOLECCOB ONEPATOPHBIM METOJIOM YCJIOBHO BBIIOIHS-
eTcs B 3 3Tara.

Ha 1-m »3rtanme pacuera cucrema auddepeHIHaNbHBIX YpaBHEHHIH,
cocraBiieHHass 1o 3akoHaM Kupxroda pans oOpurvHagoB (QyHKLIMH, MOcCIie
npUMeHeHHus npeoOpasoBanus  Jlamnmaca npeBpauiaercas B CUCTEMY
areOpanvyeckuX ypaBHEHUH JIs1 ONIEPaTOPHBIX U300PAKEHUH 3TUX (PYHKLIMH.

Ha 2-om 3Tarie BBINOJIHIAETCS pELIEHUE CUCTEMBI aIre0OpanyecKux OrnepaTop-
HBIX YpaBHEHHUI OTHOCUTENBHO UCKOMON (DYHKIMH, B PE3YJIBTATE YErO MOJy4YaroT
BBIpaKE€HNE UCKOMOM ()YHKIIMHU B oriepaTopHoi popme F(p).

Ha 3akmiouutenbHOM 3-M 93Tane BBINOJHSIETCS OOpaTHBIM MHEPEXox OT
HAlJICHHOTO ONEPaTOPHOTO pelleHuss s uckoMmoil ¢dyHkuuum F(p) K
COOTBETCTBYIOIICH eif (PyHkImu BpemeHu f(f), T. e. BwimomHsieTcs mepexosa OT
nu3o00paxenust pynkuuu F(p) x ee opuruHaiy f(z).

Teopetnueckn o0OpaTHBIM TEPEeXol OT ONEPATOPHOTO H300paKEHUS
¢ynkun F(p)k ee opuruHany f(f) ycTaHaBIMBAaeTCS Ha OCHOBE OOPAaTHOTO
npeobpasoBanus Jlamnaca:

O'+]oo

f(t)—— [F, e

o —joo
Ha mpakTtuke njist o0paTHOTO TIEpexo/1a UCTIOIb3YIOTCS 00JIee MPOCThIE U
yIOOHBIE METOIbI, @ HMEHHO: (hOpMYJIa PA3JIOKCHHSI U TAOJIUIIBI COOTBETCTBUSI.
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10.10 OnepaTopHbie n300pakeHUsI HEKOTOPBIX QYHKUMII BpeMeH!

Haiinem onepaTopHbie H300paXkKeHUsI HEKOTOPHIX (PYHKIIUN BpEMEHH,
KOTOPBIE BCTPEUAIOTCS B DJIIEKTPOTEXHUKE.
1) Uzo6paxenue nocrosHHon QyHkimu f{1)=A:

T A o A
f=4 < F(p)=[de?dti=—=c"| ==
0 p ° p
2) N3o0paxeHust IKCIIOHEHITUATBHBIX (DYHKITHIA:
+ T tot - 1 —pt|*® 1
fBy=e" & F(p)=[e“ePdt=—e”| = .
7 -pta ° pFa’
. o eV
f(t):ej(wtﬂ//) —e/Ve!” & F(p)= .
p—-—Jjow
3) N300pakeHust rapMOHUYECKUX (PYHKIIHM:
O =sinot=2-(" —e7) & F(p)=ar(——m— e P
2j 2j p-jo p+jo) pto’
1 1
f(t)=cosart =— (e’“”+e "y o F(p)=—( + P
2 p—jo p+]a)) pr o’
: : : +
f(t)=sin(awt +y)=cosysinax +siny coswt < F(p):a)co;yzlJra;jzsmw

4) N3obpaxenus 1-oi u 2-0i1 MpOU3BOIHOMN OT (PYHKITMN BPEMEHHU:

% P T%.el’t

” 0 5 -dt = Je’Pt . df = e*p’f(t)zo . ‘([f(l‘) . d(e*pt) _

0

=0 f(0)+ p[ f()-e" -dt = pF(p) - £ (0),

d’f df
dt’

= sz(p)—pf(O)— ~(0).

5) H3006paxeHne onpeaeeHHOT0 HHTErpaia OT QyHKIUH:

jf(r)-dt@?ﬁf(t)-dz]ep’-df=—%7{ff<r> dr} dle)=
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D f (t)-dt]e”’

Jlnst ynoOcTBa TMONB30BaHUS CBEIEM IMOJYYEHHBIE PE3YyIbTaThl B OOIIYIO
Ta0IHITy, KOTOpast Ha3bIBAeTCs TAOIUIIEH COOTBETCTBUSI.
Tabnuiia cOOTBETCTBUS

L ”+lje-f”-f(z)-dz:0+lF(p)_
P Py p

Opurunan byaxuuu f(1) H3o0paxenne byakuun F(p)
1
— 4
A p
st _
e p T a
_*
| p(p+a)
) W
Sin wt 2 a2
p’l+ o
cos wt —r
p’+w
. psin ¥ + @ cos Y
sin(x + ) PEW
e~ ¥ sin wt a)2 -
(p+a) +o
df
dt pF (p) - 1(0)
d’ f 2 df
F — 0)——(0
o P F(p)-pf(0) dt()
t |
If(t)-dt ;F(p)
0

10.11 3aKOHBI JJIEKTPOTEXHUKH B ONlePaTOPHOH popme
MrHoBeHHBIC 3HAuYeHUs Toka i(f) W HamnpsokeHHs u(f) Ha WACaTbHBIX
AJIIEMEHTaX SJEKTPUUYECKUX CXEM CBsI3aHbl MeXAy coOoil nuddepeHuanbHON
. . . di
dbopmoli ypaBHEHUM: ug(t)= iR — IS pe3ucTopa; uL(t):LE_ JUISl KaTYIIKA

t

WHIYKTUBHOCTH; Yc (1)= Ejidf +u.(0)— JUIsl KOHJIEHcaTopa.
0
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[Tpumennm k auddepeHnanbHBIM ypaBHEHHUSIM TTpeoOpa3oBanue Jlammaca
¥ TI0Jy4HMM COOTBETCTBYIOIIEE UM onepaTopHble u3oopaxenus: Uy (p)=1(p)-R
— s pesucropa; U,(p)=1(p) - pL—Li(0)— nns KaTyIIKd WHIYKTHBHOCTH;
u-(0)

1
Uclp)=1 (p)p_C + —JIUTS. KOHJIGHCATOPA.

Takum oOpaszom, uaeanbHbIM dJieMeHTaM R, L, C 3JeKTpUUECKON CXeMbl

OyIyT COOTBETCTBOBAaTh HOBBIE CXEMHBIC MPEACTABICHUS 3TUX OJJEMEHTOB B
omnepaTopHO cxeMe (CM. TadJ.).

3nech R, pL,1/pC — oneparopHble COMPOTUBIICHUS] COOTBETCTBEHHO pPE3U-
ctopa R, karymku L u xougeHcatopa C. OnepaTopHOE COIPOTHUBIICHHUE
Z(p)nroboro  y4acTKa CXEMBIMOXKHO TOJYyYUTh W3 €ro  KOMIUIEKCHOTO
conpoTuBiieHus Z(j @), 3aMEHUB B BBIPAKECHUU MHOKUTEIb j @ HA OTIEPATOP p.

Li(0), uc(0)/p — Buyrpennue ucrounuku JDJC, o0yclOBICeHHBIC 3armacamMu
HHEPruy B MATHUTHOM M 3JIEKTPUUYECKOM IOJISIX B MOMEHT KoMMyTanuu npu ¢=0.
HampaBnenusi AeiicTBUsS BHYTpeHHUX HCTOYHMKOB JJIC mnpuHUMAIOTCS 1O
HarnpasyieHuto Toka i(0) mnsa uctounuka L i(0)u HaBcTpeuy HanpsbkeHuto uc(0) mis
ucrounuka uc(0)/p.

Onextpudec- | Juddepenmuans- |  OneparopHbie OneparopHas cxema
Kasi cxema HBbIC YpaBHEHUS ypaBHEHUS
— 1(p) Up)
— u=iR Ulp)=I(p)R _
R R
i 4 . 1(p) U(p)
— ~ u-1% Up)=pLIpy-  [—
L L dt TN\ p s l(O)
. —u> Ul
L] 1t U(p) =120 ]
U =—jzdt+u(0) pC | | YO
| | C 9 | | \/
AN E=const E N
N 5 N

C y4eToM MoJTy4eHHBIX COOTHOIICHHH JTIO0YIO 3JIEKTPUUECKYIO CXeMy st
opuruHaioB Gyukmuit (), wu(f) MOXKHO 3aMEHHTh COOTBETCTBYIOIICH ei
omepaTopHONM cxeMoW s u3o0paxkeHud ¢yukaui I(p),U(p). Hanpumep,
ANEKTpUUecKoi cxeme (pucyHOK 134) COOTBETCTBYET OIEpaTopHasi CcXema,
MpeJICTaBJICHHAsl HA pUCyHKe 135.

s AIEKTPUIECKOU CXEMBI (pucyHOK 134) CIIPaBEJIMBO
muddepeHnanbHoe ypaBHEHHE, COCTaBIEHHOE 10 2-My 3akoHy Kupxroda:
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di 1%
R+ L—+—\idt +u,.(0) =e(t
iR+L— cll (0) = e(t)

j R ] C )
||

em<> o "

U

Pucynox 134

ilp) R pl 1i{0) prf }»ﬁﬂ\h’p
— — A~ ) |
— N N/

; U U U
E(p) () =) () dp)

Pucynok 135

JUis  onepaTopHOM cxembl (pUCYHOK 135) chpaBeuIMBO aHAJTIOTHYHOE
ypaBHEHUE, HO B ONIEPATOPHOU (popme:

R-I(p)+ pL-1(p)— Li(0) +i'](”) + 4O _ 5p). orkyma cneayer:
. uc-(0)
E Li(0)——~
I(p)= A" _2E(p)
R 1 Z(p) ’
+pL+——
pC

rae Z(p)=R+ pL+ E — OINIEPATOPHOE COIPOTHUBIICHUE BCEU CXEMBI, XE ( p) —

cymma Bcex ucTouHukoB DJIC KOHTypa, B TOM YKCIie U BHYTPCHHHUX.
JIJIs  CIIOKHBIX OINEpaTOpPHBIX CXEeM CHOpaBeUMBBI - W 2-ii 3aKOHBI
Kupxroda B oneparopHoii ¢popme:

2I(p)=0
2I(p)-Z(p)=2E(p)

JInsg pacdera TakMX CXEM MOXKHO MPUMEHSTh JIOOble METONbI pacueTa
JUHEWHBIX Ienel: MeToj 3akoHOB Kupxroda, MeTos KOHTYPHBIX TOKOB, METOA
Y3JI0OBBIX IOTEHUMAIOB U Apyrue. [Iopsaok cocTaBieHuss OnepaToOpHbIX YPaBHEHUN
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JUISl CIIOKHBIX CXEM aHAJOTHYEH METOAY, TOMY NOPSAKY, KOTOPBIM MPUMEHSAETCS
10 3TOMY METOIY JJISl DJIEKTPUYECKUX CXEM.

10.12 Cnioco0blI cocTaBJIeHHUSI CUCTEMbI ONEPATOPHBIX YPABHEHUI

[Tpu pacuere mepexoHBIX MPOIECCOB OMEPATOPHBIM METOAOM Ha MPAKTHKE
IpUMEHSIETCA JBa CII0c00a COCTABJICHUS CUCTEMBI OTIEPATOPHBIX YPABHEHUH.

CymHocTh 1-ro cnocoba cOCTOUT B TOM, YTO JJISi KCXOJHOU SIEKTPUUECKOMN
CXEMBI COCTaBIIsIeTCS cucTeMa audepeHuanbHbIX ypaBHeHH 1m0 3akoHaM Kupx-
roda. 3areM Kaxgoe ciaraeéMoe B OTHX YPAaBHEHUSX HEMOCPEICTBEHHO
nojsepraercs npeoOpazoBanuto Jlammaca u TakuMm  oOpa3oM  cuctema
nuddepeHINaTbHBIX YpaBHEHUH TPeoOpa3yeTcsi B COOTBETCTBYIONIYIO €l CUCTEMY
ornepaTopHbIX ypaBHeHUH. CoCTaBl€HHE OINEPaTOPHOM CXEMbl IpPU STOM HE
TpedyeTcs.

[To 2-my criocoOy BHayanie COCTaBIISETCS ONEpaTOpHAsl cXema ILenu. 3aTeM
JUIsL OTIEPATOPHOM CXEMBI 10 OJHOMY M3 METOJOB pacdera COCTaBIIETCS CUCTEMA
OTIEpPaTOPHBIX YpaBHEHUI, U 3TOM INpeoOpazoBaHue Jlamiaca HEOCPEACTBEHHO
HE MPUMEHSIETCSI.

[TpeumymiecTBo 2-T0 crmocob6a COCTOUT B TOM, YTO CHUCTEMa ONEPaTOPHBIX
YpaBHEHHH I PacyeTHO CXEMbl MOXET OBITh COCTaBJIeHa MO HanboJee paruo-
HAJIbHOMY METOJly pacyera.

Ob6a crnocoba cocTaBieHHS OINEPATOPHBIX YPaBHEHUH WILTIOCTPUPYIOTCS
HWKE Ha MPUMEPE AIEKTPUUECKON CXeMbI (PUCYHOK 136).

_\\_
R R, h

"_|: L T

of :

Pucynoxk 136
[To 1-My ciocoOy cocTtaBisieM cucteMy Au(depeHuaIbHbIX YpaBHEHUI
no 3akoHaM Kupxroda 17151 371eKTpUYecKOi CXEMBI:

Coe .
i, —i,—i;=0

iR +i,R, +L%:E

t
iR +i,R, +éfi3dt +u.(0)=E
0

\
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[Toasepraem npeobpazoBanuio Jlamiaca Kax0€e ciiaraeMoe B 3THX
YpaBHEHUSX U TaKUM 00pa3oM MpeBpalllaeM UX B CUCTEMY ONEPATOPHBIX

YPaBHECHUN: s
L(p)~L(p)~1,(p)=0

LU&&—AU&&+IMMA®—5mn:§

A

U0) E
p P

1 1
I, (p)R, —]3(p)R3 +_'_13(p)+
Cp

\

[To 2-my cmocoOy cocTaBiseTcs onepaTopHas cxema 3aMelIeHHUs
(pucynok 137):

a
I L
P O —s
%C) 1£(0) C) H:E{}}
b

Pucynox 137

Jliist onepaTopHO#t cxeMbl (pucyHOK 137) cocTaBisieM CUCTEMY YpaBHEHHI

110 OJTHOMY M3 METOJOB pacueTa CIOKHBIX LENel, HaupuMep, N0 METOAY
KOHTYPHBIX TOKOB:

E )
I, (PR, +R, +pL)—]22(p)(R2 +pL)=;+L12(O)

—1,,(p)(R, + pL)+1,, (p)(}e2 +R,+pL +Lj =—Li,(0)~- Uc(0) ,
pC p

WJIK 110 METOY ABYX Y3JIOB!:

E  Li0) n uc(0)

R R, + pL R.+1/ pC
Uab(p):p11 21]9 p(sl pC)

—+ +
R, R, +pL R,+1/pC
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10.13 Ilepexox ot m3o00paxkenus GyHkuuu F(p) K ee OpUrHHAIY

0.

10.14 ®opmyaa pasiioKeHUs

B pesynapTaTe  COBMECTHOTO  pEIIEHUS  CHUCTEMbl  ONEPATOPHBIX
yYpaBHEHUHN TMOJIy4yalOT BBIPAKEHHUE MJII MCKOMOM (YHKIIMM B OMNEpaTOpPHOU
dbopme, T.e. ee omeparopHoe uzoOpaxkenueF(p). Ilepexon oT omepaTOpHOTO
n3o0paxenuss GYyHKIUU K €€  OpUTHHaly, T.e. K (QyHKUUU BpeMeHUf(?),
SIBJISIETCSL HamOoJiee TPYJOEMKOM 4YacThiO OINEpaTOpPHOro MeToaa pacuera. Ha
OpaKTHKE 7S 3TOM LEeNM NMPUMEHSIOTCS JBa Croco0a.

[lepBpiii cnocod — mo Tabmuie CcoOTBETCTBUS. B 3TOM ciydae
oTrepaTOpHOE BhIpakeHHE UCKOMOH (yHKIMU F(p) nmpeobpasyercs K OAHOMY U3
TaOMIMYHBIX BHUJOB M MO  Ta0NHIE COOTBETCTBHS OMPEICNAETCS OpUTHHAI
byukuu f(f). Cnemyer 3aMeTWTh, 4YTO Takoe MpeoOpa3oBaHUE yAaeTCs
OCYILIECTBUTh TOJBKO JJIS MPOCTBHIX BBIPAXKEHHUM, YTO CYHIECTBEHHO OTpaHUYU-
Bae€T BO3MOXXHOCTH 3TOT0 croco0a.

Bropoii cnocob —no ¢opMyie pasznoxkeHus — siBisgerca Oosee yHHUBEp-
CaJIbHBIM, MO3TOMY HAaXOJIUT NPUMEHEHHE B OOJIBIIMHCTBE MPAKTUYECKUX CITY-
yaeB. CyIIHOCTB 3TOr0 croco0a HM3J0XKeHa HHUXKeE.

[Ipu pemieHun CUCTEMBI ONEPATOPHBIX yYPaBHEHUU i1 UCKOMOW (hyHK-
MU TOJYy4aloT ONEepaTopHOe BhIpaxeHwe F(p) B BuAe ApoOH, B YHUCIUTENE U

3HAMEHATEeJIe KOTOPOH CTOST CTCICHHBIC MOJTHMHOMBI:
F(p) anp”+an_1p"_1+...+a1p+a0 N(p)

pP)= o = ]
b, p" +b, p" +...+bp+b, M(p)

N3 Kypca mMaTeMaTUKH W3BECTHO, YTO IIPU BBINOJIHEHUU YCJIOBHUU: a)

m>n u6)ypasaenne M(p) =0 He comepKUT KpaTHBIX KOPHEH, BEIPAKCHHE

N
O30

N
F(p)=—2 = L
M, p-p P—-D pP—P, =P~ D

rne A4,,4,,... 4, — noctossHHble KO3()PHUIHMEHTHI, p,, p,, ..., P,,— KOPHH

MOXXET OBITh MpEACTaBICHA B BHUJE CYMMBI MPOCTBIX JIPOOEH:

m

k=m
4 + 4 + +A— 4,

ypaBuenust M(p)=0.
Jlns onpenenenusi kodGPuIMEeHTa 4, YMHOKHUM 00€ YacTH ypaBHEHHS

Ha MHOXKHTEIIb (p— pl) W Haiiem mnpezen Belpaxenus F(p) npu P — Py.
OueBHIIHO, YTO B MPAaBOH YacTH YpaBHEHHs TONYy4yuM A, a B JIEBOW —

HeompeaeeHHocTh, Tak Kak M (p,) =0. PackpoeMm 3Ty HeonpeneIeHHOCTh I10
npaBuity Jlonurans:

A = i YD) ()i YD1 =) N' ) N
popi P) pom M) M'(p,)
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CrenoBartenbHO, GOpMyna I IIPOM3BOIbHOTO Kodddumuenta: 4, =

M ,(pk )
Torma BeIpaxeHHe MCKOMOW (YHKIUU TOTy4aeT BU:
M'(p) p-p  M(p,) p-p, “M(p) p-p

[Io Tabnuile COOTBETCTBHS HAXOJUM, 4YTO OMNEPATOPHOMY H300paKEHUIO

A
F(p)= —kp COOTBETCTBYET OpHUTHHAI f(t)=A4.e™, cnenoBarensHo,
Pk

OpUTHHAJ UICKOMOW (DYHKIIMH MOJIy4aeT BU:

m N )
For- -5 M

DTO ypaBHEHHE TOJIYYWIIO HA3BaHUE POPMYibl pA310dCceHUs W WUCTOIb-
3yeTcs I Tepexojaa OT OMepaTopHoro uszoOpaxkenus ¢yukuuu F(p) kK ee

opurunany, T.e. ¢yukuun Bpemenn f (). Tlopsmok npuMeHeHHs (HOPMyIbI
pa3IoKEHUS:
1) Oneparoproe n3obpaxenne uckoMoi GyHkimu F(p) mpeobpasyror K

p
BUay apobu F( p)=m , YTOOBI B YMCJINTENIC U 3HAMEHATEJIE €€ CTOSJIH CTe-

MIEHHBIE TTOJTMHOMBI.
2) IlpupaBHUBAIOT K HyI0 3HameHarenb apobu M (p)=0wu mHaxomsar

KOPHU 3TOTO YPABHEHUS D), Dys oo Dy, -

3) Haxoasr BbIpaXeHHE MNPOU3BOJAHOM  3HAMEHATeNlss  Japolu

, dM
dp
4 = N (pk) .
4) OnpenenstoT  KOIPOUITUEHTHI 1k _—M'(p ) NyTEM TOOYEPETHOMN
k

INOACTaHOBKH 3HAYCHUH KaXXJ10ro M3 KOpHGfI Dy Pys s P, B 9TO BBIPAXKCHHC.

5) 3anuceIBalOT peIICeHHE IS UCKOMOW (QYHKUMH BpeMEHH f (t) B
BUJIE CYMMBI OTIEJIBHBIX  CJIATa€MBIX-OKCIIOHEHT, MpU  HEOOXOAMMOCTU

k=m
t
YHOpomaroT IIOJYYCHHOE BBIPAXKCHUC! f(t): ZAkepk .
k=1

[TocnenoBaTeNbHOCTh BBIMOJHEHHS] OTAEJBHBIX ITANlOB pacyera Mepexoj-
HBIX TPOILECCOB OIMEPATOPHBIM METOJOM IOKA3aHO HUXE B BHJIE JIUArPAMMBL.

[Ipumedanune. CocTaBIEHUE CHUCTEMBI OMNEPATOPHBIX YPABHEHUU MOMKET
BBITIOJTHATBHCSL 10 OAHOMY U3 JIByX BapHaHTOB:A—IyTE€M HEMOCPEICTBEHHOIO
npeoOpa3zoBanus AuddepeHuransubix ypaBHenuit Kupxroda B oneparopHsie B U
B —myTem cocTaBieHuUsl CUCTEMbl YPAaBHEHUI IO OJTHOMY M3 METOJOB pacuera s
OINEPATOPHOU CXEMBbI 3aMEIICHUS.
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10.15 AaroputM pacuyera nepexoHbIX MPOLECCOB ONEPATOPHBLIM
MeTO0/10M

Hcxoanblie JaHHbIe: cXeMa LIeTH, BUI KOMMYTallUU, TapaMeTpPhbl
OTJIETIbHBIX AJIEMEHTOB CXEMbI, UCKOMasi GyHKIMs f(7)

- ~
Bapuant A Bapuant B
s ™~
Cucrema nud. yp-auii HesaBuc. Hauai. OneparopHas cxema
Kupxrodga ycioBust i(0), uc(0) 3aMelIeHUs

Cucrema anreOpanyecKux ornepaToOpHbIX YpaBHEHUN

Pemenue nyist pynkuuu B onepatopHoit popme F(p)= N(p)/ M(p)

[Tepexon k opuruHainy GyHKIUU f{¢)110 Hopmylie pa3ioKeHHUS.
Omnpenenenue KodIQPUIUEHTOB PEIICHUSP |,P2,D3,...,A1,A42,43, ...

!

[ToHOE penienne 115 ICKOMOU (PYHKITUY B BHJIE:
f(f):Aleplt+ Azepzt-l- A3€p3t + ...

3amMeyanust K dhopMyJie pa3iaoKeHHs.
1) Ecnu B UCXOMHOM cXeMe HMMEITCS HMCTOYHMKUA ToCTOsHHBIX JJIC E,
To ypaBHenue M(p)=0 MoxeT MMETh OJWH KOPEHb, paBHBIA Hymo (p, =0).

[logcTaHoBKa 5TOr0 KOpHA B  (OpMyJly PpasIOXKeHUs JAeT IOCTOSHHYIO
NO) o
M'(0)
COCTaBJIAIONIEH MCKOMOUM (PYHKIIUH.

2) Ecim B HMCXOOHOM CXeMe HMEIOTCS MCTOYHUKH CHHYCOMIAIbHBIX
DIAC e(t)=E, sin(ot+a), 1o ypasnenue M(p)=0 Gyner umers aBa UHCTO

Benunuuny f,(¢) = =const , KoTopass COOTBETCTBYET YCTAHOBMBIIEHCS

MHHUMBIX WU CONPSDKEHHBIX KOpPHS p, = j® u p, =—jo . llomcraHoBka 3THX

KOpHEW B (QOpMyNy pasliOKEeHHS B CyMME JJaeT CHHYCOMIAIBbHYIO (YHKITHIO
BPEMEHH, KOTOpasi COOTBETCTBYET YCTAHOBUBIIEHCS COCTABISIFOIICH HCKOMOM
byHKIUU:
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£ :%e’” +%e’“ =(C+ jD)cosax + jsinax)+(C— jD)coset — jsinax) =

=2Ccosax —2Dsinax = Asin(at + w)

3) Ecnin ypaBuenne M(p)=0 umeer aBa KOMIICKCHO COIMPSKEHHBIX

KOpHA P, =-b+ jw, u p,=—b— jo,, o noacTaHOBKa JTHX KopHel B (op-
MyJly Pa3fiO)KEHUs] B CyMME JAaeT CHUHYCOMIAJbHYIO (PYHKIHUIO C 3aTyXarollen
AMIUTUTYION:

N(p ) t N(p ) t . (—b+ i )t . (—b— ‘o )t
Silt) =— e + 2 e ! = (C + jD )™ +(C — jDJeT N =
1 M (pl) M (pz)

—e™ . (2Ccosw,t —2Dsinw,t)=A-e™ -sin(w,t + )

4) Ecnu ypasaenue M (p) =0 umeer kparuele xopuu (p, = p,), To op-
Myna  pa3joxeHus HempuMmeHmMma. (Ciaydail KpaTHBIX KOpHEH  MOXKET
BCTPETUTHCS B TIPAKTUKE KpakHe penko. YToObl TPUMEHUTH (QopMyIry
pa3joXeHUsT B OATOM Cllydyae€ JIOCTATOYHO HECYIIECTBEHHO HW3MEHUTH
napameTpbl OJTHOTO M3 DJIEMEHTOB CXEMBI.

Ipumep. Jns cxembl (pucyHok 138) c 3amaHHBIMM HapaMeTpamu
anemenToB (E=100 B, R=50 Owm, RI1=20 Om, R2=30 Om, (=83,5 MKD)
ONpeNIeUTh TOK I;(f) MOCiIe KOMMYTAalUH.

~
) |

o e B S |

| Y

DE —

Pucynox 138

1) Onpenensiercs Hesapucumoe HauanpHoe ycmoBue — Ue(0) w3 pacuera
cXeMblI (pUCYHOK 138) B COCTOSIHUM 70 KOMMYTAIUU:
E-R 100-30
u., =u.(0)=LR, = 2 = =
o =uc(0) =Lk, R+R +R, 50+20+30

2) CocraBnsieTcsa omepaTopHasl CXeMa I[eNu T[Oocle KOMMYTalluu
(pucynok 139):
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L, T R e

T | I

Pucynox 139

3) CocraBiisieTcs cucTeMa KOHTYPHBIX YpPaBHEHHUU JUIsl CXEMbI pUCyHKa 139
B OIlEpaTopHON Qopme:

]11(17)’(R1 + 2)_]22(17)‘Rz :g

_111(p)'R2 Izz(p)'(Rz"‘ 1 j:uC(O)
pC p
4)

[Tpou3BoaUTCS pelieHne OnepaTOpHBIX YPaBHEHHH OTHOCHTEIHHO
uckomont ¢pynkuuu /,(p):

A 42 p + 24000 N
[l(p)ZI“(p):Tl:__ = P — (p)

op(2p+12000 ) M (p)
rie  N(p)=42p+24000; M(p)=p(12p+1200); M'(p)=24p+12000

5) Kopuu ypaBuenuss M (p)=0:
p(12p+12000)=0= p, =0; p, =—1000
6) KoaddurmeHntor Ak JUIS OTJICNIBHBIX KOpHEH py:
4= N(p) _24000 4 = N(p,) :42.(—1ooo)+24ooo: |
M'(p,) 12000 ’ M'(p,) 24-(-=1000)+12000
7) OxoHuUaTeNbHOE pEIICHHE AJII UCKOMOW (YHKIIMH BPEMEHHU:

()= Ae™ =2+1.57"""" A

10.16 Ananu3 mepexoaHbLIX NMpoueccoB B uenu R, L

Hccnenyem, Kak u3MEHsAETCS TOK i(f) B LENH C PE3UCTOPOM R W

KaTyluko L B mepexomgHOM pexnme. B kadectBe mnpumepa paccMOTpUM
MEPEXOIHONM MPOILIECC MPU BKIOYEHUU Henu R, L K UCTOYHMKY a) MOCTOSHHOU

DJIC e(t)=E=constu 6) nepemenroii DJIC e(t) = E, sin(wt +a) (pucynok 140).
Pacyer mepexomHOro mpoiecca BBIMOJIHUM KIACCHYCCKHM METOJIOM.
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Pucynox 140

a) Bxmouenne 1menu R, L k  wucTouHuky noctosiHHOM  OJIC
e(t)=E = const .
O6uwmit Buj pemenus s Toka: i(t) =i,(t)+i, (t)=1,+ Ae”.

E

VYcTaHOBUBILIASACS COCTABIISAIONIAS TOKa: ]y :E.

XapakTepucTUUECKOE YpPaBHEHUE U €ro KOPHH:

R
Z(p)=R+pL=0=p=——=——,
L T
HezaBucumoe HauansHoe yciosue: i(0)=0.
: E
Hocrosunas warerpuposanus: ((0)=1,+4=0 = A=-] =-—
OxoHUYaTeIbHOE pEUICHHE I UCKOMOW (YHKIUH:
E E % E( -
i(ty=——-—e U2l e
R R R ’

L
rac T:E — HOCTOsAAHHAsA BPCEMCHH, YHUCICHHO paBHad BPCMCHH, 3a KOTOPOC

aMIJIUTyZa CBOOOJHOW COCTAaBIISAIONIEH 3aTyXxaeT B € = 2,72 pa3za. UYem
L

=
TeopeTnueckn 3aTyxaHuUE CBOOOJHOM COCTaBISIOLICH MPOJOJIKACTCS 0

oompme 7 TEM  MEHJICHHEE  3aTyXaeT  I[EepPEeXOJHOW  MPOILECC.

OCCKOHEYHOCTH. TeXHHYECKOe BpEMs IICPCXOJHOro IIpomecca T,m onpeacira-

€TCsS M3 YCJIOBHUSA, YTO 3a 3TO BpeMs CBOOOJIHAS COCTAaBIIAIOINIAS YMEHBIIACTCS
10 0,01 or ee mepBoHAYaIbHOrO 3HAYECHUS:

T L
e © =0,01, orkyma T, z4f:4E'

nn

Ha pucynke 141 npencraBnena rpaduyeckas nuarpamMma HCKOMOM
byukuuu i(1).
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Jm)

’MI

Pucynox 141

JIisi puOIMKEHHOTO MOCTPOEHUsl Tpaduueckoil auarpaMMbl CBOOOTHOM
t

T

cocraistomeii 1, (1) =Ae © MOXHO BOCIIOJB30BATHCS TAONMUIICH 3HAYCHUIA

3TON (YHKIIMH B UHTEpPBaJie BPEMEHU T, =4rt.

0,5

1,0

1,5

2

3

4

1 0,61

0,37

0,22

0,14

0,05

0,02

[locrosiHHass BpeMeHH 7 MOXET OBITh OmNpeneieHa U3 TpapuuecKon

nuarpammbl - Gyskiuu I, (f)  xak oTpesok BpemeHu ¢, —f, 1o Kpasm

csl

KOTOPOTO ~OTHOLIEHWE 3HAYeHWH (DYHKUMH PaBHO =e=2.72 paza

c62

(pucyHok 141).
06) Bxmouennme wnenu R, L K HCTOYHUKY CHHYCOUJAIBHOMN
e(t) = E, sin(wt + )
OOwmuii BUA peleHus s TOKa:
i()=i,(t)+i,(t) =1I,sin(wr +y)+ de”

XapaKTepHCTUYECKOE YpaBHEHHE U €r0 KOPHHU:
R 1
Z(p)=R+pL=0=>p=——=——
L T

3JIC

Y CTaHOBMBILAACSA COCTABJIAIONIAS TOKA:
ja ja
_E, Ee" Ee E

m — m ej(a—(f’)

lym_ - - i
Z, R+jX, Ze* Z

, OTKyJla CIIeyeT
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i,(t)= %sin(a)t +a —(p),

X
e X, =wL, Z=yR*+X,”, (pzarcthL,

HezaBucumoe HavanpHOE ycnoBue: i(0)=0
[TocTossHHAsT MHTErPUPOBAHUS:

i(O) = %sin(a—¢)+A =0 , OTKyJ1a A= —E7’”sin(a - (0)

OxoHUaTeIbHOE pEUICHHE I UCKOMOW (YHKIUH:

E, . E, . -2t
i(t)=1i,(t)+i,()= Z’" s1n(a)t+a—go)— Z’” sm(a—(p)e L,

W3 ananmu3a  pemieHus ~ BHJIHO, YTO  aMIUIMTyJa  CBOOOIHOI
coctapisitolieli A 3aBUCHT OT HaudanbHOW (a3el « wucrounuka JJIC. Ilpu

A=A = E’”
a—-@=190 3Ta aMIUIUTyJa HMEEeT MAaKCHUMaJIbHOC 3HA4YCHUEC =A==

7
IpU 3TOM NEPEXOAHON MPOLECC MPOTEKAET C MAKCUMAJIbHON HHTEHCHUBHOCTBIO.
[lpy a-@=0 ammouTyma CBOOOJHOW COCTAaBISIONIEH paBHA HYJIO, U
nepexoqHol mpouecc B Henu BooOmie orcyrcTByer. Ha  pucynke 142
npejcTaBieHa rpaduueckas JadarpaMMa HMCKOMOM — QyHKumu i(f) 1pu

E
a-(o:—go, A:Amaxz7mzl

Pucynoxk 142
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10.17 Ananu3 nepexoaHbIX mpoueccoB B unenu R, C

Hccnemyem xapakTep TMEpexoaHbIX TmpoieccoB B 1memu R, C  mpu
BKJIIOUEHUHM €€ K UCTOYHHMKY a)moctossHHoM JJIC e(f) = E, 6)nepemennoin DJIC

e(t) = E, sin(ot + ) (pucyHok 143).

Pucynox 143

a) Bxmouenue wnenu R, C K  ucTOYHUKY mnoctosiHHoM — DJIC
e(t) = E = const.
OOmuit BUJ perieHus Ui HampsiKeHus U (t):
uc(t) =ue, () +ue,()=Ugq + Ae™.
YcTanoBuBIIasicss cocTapisitomas Hanpsokenus: Ug, = E

XapakTepucTUUECKOE YpPaBHEHUE U €ro KOPHH:

1 1 1
Z(p)=R+—=0= p=—-——=—-—, rner = RC — nocrossHHas
pC RC T

BPEMEHH.
HesaBucumoe HauansHoe yeiosue: U (0) =0
[ocrosnnas uuterpupoBanus: uo(0)=u, +A4=0=>A=-u. =-E.

OKOHYATeIbHOE PEIICHUE U MCKOMOW ()YHKITHH:
t t
uc()=ue, () +ue, (t)=E-Ee % = E[l—e ’j,

E __t E _t E _t
C=0+C—e RC =" RC =— ¢ 7
RC R R
[MogcunraeM OalaHC DHEPrUi MPH 3apsAAKE KOHICHCATOPA.

Oneprusi ucrounnka I/C:

T E*7 — E’R
Wucm :J.Eldt:_je RCdt:_—C CE2
0 R 0
OHeprusi, BblIeNsieMasl B pe3ucTtope R B BUJE TEIUIA:
E*RG —L E? RC| CE?
W s —I *Rdt = _[ Redt =— RO =
R* 4 2R 2
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DOHeprus 3JEeKTPUYECKOro MOJI KOHJEHcATopa:
2 2
_Cu;, CE

o1 2 2
Takum  oOpa3om, sHeprusi  3JIEKTPUUYECKOrO0  TOJsi  KOHJAEHcaTopa

ucm

2
BEJIMYMHBI COMPOTUBIICHUS 3apSHOTO pe3ucTopa R (3aKOH IOJIOBHHBI).

I'padpuueckue auarpammbl GyHKIMEA u.(t) u i(f) MOKa3aHbl HA PUCYHKE
144.

COCTABJIACT POBHO ITOJIOBUHY S3HCPTUU HCTOYHHKA Wgﬂ = N HC 3aBUCUT OT

0) Bxmouenune nenu R, C K uUCTOYHMKY cuHycoumanbHoi ODJIC
e(t)=E sin(ot+a).

OOmuit BUI petieHus Il HanpsoKeHUS i, ;

uc(t) =ue,(t) +ug (1) =U,, sin(at +y) + Ae”

u.l
E
,
U
i
| | | Tt
n 1 2 3 q
Pucynox 144
XapaKkTEPUCTUUECKOE YPABHEHUE U €0 KOPEHb:
1 1 1
Z(p)=R+— L p=—= L
pC =P RC T
Y cTaHOBHUBIIASICS COCTABISAIONIAS HAIPSYKCHUS
. Ee’” o0 E.X¢ ja-p-90
QCm =Im(_‘]Xc)=Ze](/) Xce / :?Ce]( 4 ),OTKy,Z[a

ug (1) = g’” X.sm(owt+a—-¢—-90) |

- X
FIleXc:%)C, Zzw/RZ—I—Xé, @ = arctg RC'

HezaBucumoe HavaibHOE YCIIOBHUC: uc (O) =0 .

OmnpeneneHre MOCTOSIHHOW MHTErPUPOBAHUS:

E X, .
u-(0)= "’Z ~sin(a—@—-90")+A4=0 ; orkyna A=—E”’ZXC sinflad —@ —90°)
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Kak criegyer ©3 TIONy4eHHOTO YypaBHEHHS, aMIUIATyIa CBOOOIHOM
cocrapisitoriieii A 3aBucur or HawanbHOW (asel o wucrounmka JJIC. Tlpu
a—-¢ —90°=1290° osra ammiuTyga ¥WMEET MAaKCHMAJbHOE 3HAYCHHE

EmXC

A=A, = , IPY ATOM MEPEXO0IHOM MPOoLEecC MPOTEKAET C MaKCUMAaJIbHON WH-

TeHCHBHOCTBIO. IIpy @ — @ —90° =0 ammiuryma cBOOOTHON COCTaBIISIOMICH
paBHa HYJIIO ¥ TIEPEXOTHOM MPOIIECC B IIETH OTCYTCTBYET.

10.18 Anasm3 nmepexoaHbIX Mpoueccos B uenu R, L, C

[Tepexomausie mpomecchl B 1ienu R, L, C onuckiBatotcs auddepeHnaibsHbBIM
YpaBHEHHEM 2-r0 TMOpsAJAKAa. YCTAHOBUBIIUECS COCTABISIONIME TOKOB U
HaNpsDKEHUM  OMPENEIAOTCS BUAOM HCTOYHMKA DHEPTMA M ONPEICIIOTCS
W3BECTHBIMH METOJAaMU pacdeTra YCTAaHOBUBIIUXCS pPeKUMOB. HanOonpmmii
TEOPETUUECKU HHTEPEC NPEICTaBISIIOT CBOOOJHBIC COCTABISIONINE, TaK Kak
XapakTep CBOOOJHOrO TMpollecca OKa3blBaeTCAd CYUIECTBEHHO pA3IUYHBIM B
3aBUCHUMOCTH OT TOTO, SIBJSIFOTCS JIM KOPHH XapaKTEPUCTHUYECKOTO YpPaBHEHUS
BEILIECTBEHHBIMH WJIM KOMIUIEKCHBIMH COTIPSKEHHBIMMU.

[Ipoananu3upyem nepexoiHou mnpouecc B uenu R, L, C npu BKIIOYECHUU €€
K UCTOUHHKY nocTosiHHOM DJ[C (pucyHok 145).

i I L '
\\\ " YT ||
L

-

Pucynoxk 145
O6mmuii Bux petenust s toka:  ((¢) =1, (&) +i, (@) =1, + Ae™ + A,e™

VYcra"noBuBIasicd cocrasigroniad: 1 , = 0.

XapakTepucTHUecKoe ypaBHeHue u ero kopum: Z(p) = pL+ W +R=0,

OTKYyHOa:

R | R 1 R R 1
2L \Nar et 2T Ve Lo

P ==

: di 1¢.
JlubdepennuanpHoe ypapHeHne: R+ LE + Ejldf =L,

Hesasucumsie HauanpHele yenosus: i(0)=0; u.(0)=0,
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3aBucumoe HauanbHOe yciobue: ((0)R+L z; (0)+u-(0)=E; orkyna

di (0) = E
dt L
IlocTossHHEBIE HHTCIPUPOBAHHUA OIIPCACIICTCA H3 COMCCTHOI'O PCIICHUA
CHCTEMbI YPaBHEHUU:
i(0)=4,+4,=0
E E

di
—(0)=p, 4 +p, A, =— A=-4 =—-——
dl‘() Pa T pra, 7 OTKyzma 4, 2 (L

OxoHyateabpHOE pEeIICHUC JIA TOKA:

l‘(t)zAlel’zf+AzeP2t - - E ( nt __ 172’)

(p,—p,)L
Uccnemyem Bun ¢yHkumu  i(f) npu pasiIuuHBIX 3HAYEHUSIX KOPHEH

XaApPaKTCPHUCTUICCKOI'O YPABHCHH.
a) KODHI/I XAPAKTCPUCTHYCCKOI'O YPABHCHHMA BCIIICCTBCHHBIC, HC PABHBI APYT

T 9T0 HUMECT MCECCTO IIpU CJIOBUU R_2 - L 0 NJIn R > 2\/z TOIr' 1a
P <0, p, <0 npuuewm |p| <|p,|, p,—p, >0.

nt pat
[Ipu usmenenuu ¢ ot 0 10 oo oTAebHbIE QYHKIUKM € U € ° yOBIBaIoT 10
HKCIOHEHIIMAILHOMY 3aKoHy OT 1 70 0, mpuyem BTOpas U3 HUX yObIBaeT ObICTpee,

Pt le > O
IIpu 3TOM HX PA3HOCTH e M3 »Toro cnez[yeT BBIBO/ZI, UTO HMCKOMas

byukus Toka i(f) B KpaHUX To4YKax npu ¢ = 0 ¥ mpu ¢ = 00 paBHA HYJO, a B
npoMexxyTke BpeMenn 0 <t < oo — Bcerga MOJOXKUTENbHA, JOCTUTas MpU

HCKOTOPOM 3HAUYCHUM BPEMCHHU [ CBOCIro0 MAKCHUMAJBHOI'O 3HA4YCHUA Imax-

m

Haiinem 3TOT MOMEHT BpEMEHU:

di E
di~ Lip,-p )(plep[ ") =0, wm  pe”"™ — pe”™ =0, orkyna
1 2
n P2
tni = pl .
P— P

['padmueckas nuarpamMmma QyHKIHMH i(f) Ui Cilydas BEUIECTBEHHBIX KOpPHEU
XapaKTEPUCTHYECKOr0 YpaBHEHHUs ITI0Ka3aHa Ha pUCYHKe 146.

Pucynok 146
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HpOI[OJ'DKI/ITGJII)HOCTB MNEPEXOJHOrO IIpouecca B 3TOM ClIydac OIpPCACIACTCS

MEHBILKMM 0 MOJYJIO KopHeM: I, = ‘i

miin

Xapakrep  NEPEXOAHOro  Mpolecca MpPU  BEHIECTBEHHBIX  KOPHAX

XapaKTEPUCTUYECKOr0 ypaBHEHUS TMOJIY4YWJ Ha3BaHUE 3aTyXarollero WIH
arepUOUYECKOTO.

6) KopHu xapakTepuCTHUECKOr0 YpPaBHEHHS KOMIUIEKCHO COMPSKEHHBIE.

R* 1 L
OTO UMEET MECTO NPHU COOTHOLIEHUH I1apaMeTPo e _E <0 wm R< 2\/; ,

TOTZ1a
—_£+ R_z_ 1 =-bhb+iw
Pa="0r \ar T 1e =%,

R 1 R
rae b =3 kod(huimenT 3aryxaHus, @, = TC a2~ YruoBai 4acToTa

COOCTBEHHBIX KOJICOAHMIA.
Pemenne my1st HICKOHHOM (PYHKITUU MOKET OBITh MPE0OpPa30oBaHO K APYyrOMY

BHIY:
i(l‘) — L(eplt _epzt) _ : E . e(—b+ja)0) _e(—b—jwo)) _
(p,—p,)L (=b+ jo,+b+ jo,)L
Ee™ . : E _, . Y
= (cosmyt + jsinw,t —cosw,t + jsinmyt) = ——e "' sinw,t = Ae”” sinw,t
2]C()L 0 J 0 0 J 0 wo.L 0 0
0 0

Takum o0pa3oM, B ciy4ae KOMIUIEKCHO CONpPSDKEHHBIX — KOpPHEH
XapaKTEPUCTHUECKOTO ypaBHEeHMs nckoMmas QyHKius [(f) m3MeHseTcs BO BpeMEHH

. v ) -b
TI0 FapMOHHYECKOMY 3aKoHy 1, SIN@,f ¢ 3aTyxaromeit ammmutymoit 1, (1) = Ae™”

. I'paduueckas quarpamma pynxiuu i(f) mokasana Ha pucyHke 147.

j{r}

AN —
N4 < ‘
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Pucynok 147

27
[Tepuon  koncOaHwmiA T, = _a) , TPOJOJDKUTEIIBHOCTh  TMEPEXOIHOTO
0
4
npoiiecca onpeaensercs koddduimeHrom 3aryxanus: 1, = E )

XapakTtep NepexoJHOro Iporecca Ipu KOMIIIEKCHO CONPSKEHHBIX KOPHSX
XapaKTepUCTUYECKOTO YPAaBHEHMUsS MOJIY4YWI Ha3BaHME KOJIeOaTEIbHOIO WIN
NIEPUOINYECKOTO.

B ciiydae KOMIIIEKCHO COMPS>KEHHBIX KOPHEH AJis OnpeneseH sl CBOOOIHOM
COCTaBIISOLIEH MPUMEHSIOT YaCTHYIO OpMY:

—bt b .
x,(t)=Ae” sm(wyit+y) um x,,(t)=e " (Bsinw,t+Ccosw,t),
rae Ko3pOUIUEHTHl 4 U w WM B U C SBJISIOTCA HOBBIMHM IOCTOSSHHBIMH HH-

TEIrpUPOBaAHHA, KOTOPLIC OIPECACIAIOTCA YCPC3 HAYAJIbHBIC YCJIOBHA AJIA HCKOMOU

byHKIMH.
B) KOopHM XapaKTepuCcTUYECKOT0 YPABHEHHS BEIICCTBCHHBIC M PABHBI APYT

R* 1 I
Ipyry. DTOo UMeeT MecTO TpH ycioBun ——5 — 5~ =0 umu R=2,/— = R,,, Torna
4L LC C
R
bhh=P,=P= .
2L
[TonyuyeHHoe paHee perieHue i UCKOMOW (PyHKUIMH i(f) B ITOM ciyyae
CTAHOBUTCS HEOIPEACIICHHbIM, TaK KaK YHUCJIHUTENb M 3HaMeHaTellb Jpolu
MIPEBPAILAIOTCS B HYJIb. PaCKpoeM 3Ty HEONPEAEIEHHOCTh MO MpaBwity Jlonurans,

cuuTas p, = p = const,a p, = var, KOTopas cTpeMuTcs Kk P . Torna moiyyum:

mt __ ,pt pit
i(t)=£1imu:£1im fe zgte’” = Ate"
L n—r p—P Lpr-or 1 L

Xapakrep NEPEXOAHOTO nporecca npu PaBHBIX KOPHSIX
XapaKTEPUCTUYECKOTO0  ypaBHEHUS  MOJYy4YWJ  Ha3BaHUE  KPUTUYECKOTO.
Kputnueckuii xapakTep MEpexXOJHOr0 Mpoliecca SBISETCS TPaAaHUYHBIM MEXKIY
3aTyXaroluuM U KoJieOaTeNbHbBIM U 1O (pOpME HUYEM HE OTIMYAETCS OT 3aTyXaro-

mero. ITpoI0JKHUTENEHOCTh NEPEXOAHOTo mporecca 1, = %9 [Ipu u3MeHeHun

TONBLKO conporuBieHus pesuctopa R =var=0+00 saryxamoummii Xapaxkrep

MIEPEXOAHOTO MpoLecca COOTBETCTBYeT obnactn 3HaueHud R, (R, <R, <),

var

KoyeOaTenbHbIl  Xapakrep - Takke obmactn 3HaueHumit (0< R, <R,), a

KPUTHYECKHil Xapakrep — oxHol Touke R, = R, . [TosroMy Ha mpaKkTHKe Clrydail

PaBHBIX KOPHEUN XapaKTEPUCTUUECKOIO YPABHEHUSI BCTPEUACTCS KpalHE PEIKO.
B cinyuae paBHBIX KOpHEW i ompeseseHus CBOOOJHOW COCTaBIISIIOIIEH
MIPUMEHSIIOT YaCTHYIO GOopMYy:

xcg (t) = (Al + A2t)ept s
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rac KOC—)(b(bI/IHI/ICHTBI Al 51 A2 ABJIAIOTCA HOBBIMH IIOCTOSHHBIMH MHTCIPUPOBAHMA,

KOTOpPBIE OMPEACIIAIOTCA Yepe3 HayallbHbIE YCIOBUSA JUISI HICKOMOM (DYHKIIHU.

Kputnuecknii pexxuM nepexoHOro npouecca XapakTepeH TeM, YTO €ro npo-

4
JOJDKUTEIIBHOCTD NUMEET MUHHUMAJIIBHOC 3HAaUYE€HUE (1, pnmin = 2°—— =

4R
pkp L

Yka3zaHHOE CBOMCTBO HaXOIUT IPUMCHCHUC B 3JICKTPOTCXHHUKC.

10.19 ITepexoanblie GyHKIMU MO TOKY U HANIPSIZKEHUIO

[lycte mpou3BOJIbHAS BJEKTpUYECKas LEMb C HYJIEBbIMM HayalbHBIMU
ycnoBusimu [, (0)=0, u.(0)=0] B MOMEHT BpeMEHH = 0BKIHOYACTCA TIO]

neiictBrueM nctoununka nocrostuaoi DJIC e(f) = E = const (pucymnok 148).

t=0

1(0)=0
<> ;c(O) =0

a)

e()=E=const

0)

Pucvyaok 148

[TepexoaHoi mporiecc He U3MEHUTCS, €CIIM U3 CXEMbI yOpaTh KJIFOY, a IIOCTO-
sunyio DJIC  e(f)=E =const 3ameHuTh CKaukooOpasHou e(f)=E-1(f) co

ckaukoM B MmoMeHT ! = 0 (pucynoxk 149).

Dea

a)

‘ e(t)=F=const

6)
Pucynoxk 149

Oyukuust  1(f) Ha3bIBa€TCA EIUHUYHOM CKayKooOpa3HOW (yHKUHMEH,
MMEIOLIEN 3HAYCHUS:
—7 Ompu t <0

1()
S Input 20

165



Bo3nukaromume Ha JrOO0BIX ydacTKax IENu TOKU i, (f) W HampsikeHus u, (f)

IPSIMO MPOITOPIHOHAIBHEI ckaukooOpasnoit DJIC e(t) =E-1(7):

i (1) =e(t)- h(t) = e(r)- g(t)

u (t) = e(t) - h, (1) = e(t) - k(2)
rae h,(t) = g(t)— nepexoHast PyHKIMS 1O TOKY, WM MepexoaHasi MPOBOJUMOCTbD,
h,(t) = k(t) — nepexoaHas GyHKIHKS 110 HAIPSHKEHUIO.

Ilepexonnas GpyHKIUS IO TOKY & (*) wm mo HanpspkeHuto k(f) Ha3bIBaeTCS
GyHKIMS 10 BPEMEHU, YHUCJICHHO paBHAas COOTBETCTBYIOIIEMY TOKY i(t) wm
Hanpspkenuio U(f ) MIPY BKJIFOYEHUH LIETU C HYJIEBBIMA HAYaJbHBIMU YCIOBUSIMHU K
UCTOYHUKY €IMHUYHOM mocTostHHOM e(t) = E-1(¢). Ilepexoaupie Gpyukiuu g(¢) u

k(t) ™oryr OBITb paccuMTaHbl [UIsl JIIOOOM CXeMbl KIACCHYECKHUM WIIU
OIEPATOPHBIM METOIOM.

Ilpumep. Paccunrars nepexosnble GyHKIMK Ui Toka 1(f) W HanpskeHUs
u.(t) B uenu R,C.

O
9 )

Pucynoxk 150

BEINOIHAM pacyeT MePEXOAHOro npomuecca B nenu R, C Npy BKIFOYEHUH €€
k ucTounuky nocrosaaoi DJC e(t) =E (pucynok 150) KIaccu4ecKUM METOIOM.
B pesynbrare Hangem:

t t

i) = %e“ cup(t)= E(—e ),

Hckombie mepexoaHble (QPYHKIMU MOTYYMM M3 HaWJEHHBIX BBIPAKECHHIA,
3aMeHUB B HUX £ Ha 1.

1 L _t
g0 =2e ™ k) =1-¢ .

[lepexonnble PYHKIMH UCTIONB3YIOTCS MPU pacueTe MePeXOHBIX MPOIECCOB
METOJ0M HHTerpayna /[roamens.

10.20 Pacuer mepexoaHbIX MPOLECCOB METOAOM MHTerpaJa Jlwoamens

Merton HHTCTpaia I[IO&MCHSI IMPUMCHACTCA JIA pacdceTta IICPCXOAHBIX
IMpoOeCCOB B JJICKTPHUYCCKHX ICIIIX B TOM ClIy4dac, €CJIIM B paCCManI/IBaCMOP'I OCIIH
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nevicteyer wuctouyHuk OJJIC  u(t) mnpom3BoABHON (OPMBI, OTIMYHOHW OT
CTaHJIapTHOM (ITOCTOSIHHOM MJIM CUHYCOUAAIBHOM).

Iyctb k uerounnky DJIC nponsBossHOil popmbl U(f) moakmodaeTcs remnb
C HYJIEBBIMHM Ha4aJIbHBIMU YCIOBUSIMU U C 3a/IaHHOM MEPEXO0IHON MTPOBOJUMOCTHIO
g(?) (pucyHok 151).

3amenuM HenpepbiBHYI0 kpuBylo DJIC #(?) nmpubIMKEHHO CTYNEHUYaToM C
WHTEpBaJaMH 1O OCU ¢ MEXIY OTACIbHBIMU CKauKamH, paBHbIMU A7 . IlepBbiii
ckauok DJIC pasen u(0) u neiictByer B mMoment f=0. Bce mocnemyrompue

ckauku DJIC MOXKHO ONPEICIUTh KaK Au=At- 1ga = 6'(2' )AT Y JICUCTBYIOT OHU

¢ 3ama3jgplBaHueM Ha 7, TOo ecTb B MOMeHT [ — 7 . Tok Ha BBIXOJE LIENU B
MPOU3BOJIbHBIA MOMEHT BpPEMEHHU ! MOXKHO paccMaTpuBaTh B COOTBETCTBHUH C
NPUHLIKUIOM HAJOXEHUS KaK CYMMY YAaCTHYHBIX TOKOB, BO3HUKAIOIIMX TOJ]
JNEUCTBUEM OTIEeNbHbIX ckaukoB O/JIC, cheayrommx Apyr 3a JIpyroMm uepes

POMEKYTKHU Atsg uHTepBaie BpemeHu ot 0 1o 7.

e
=0 N

T l
Au
[ T T '
C) ult) I1 u(0)
- T =T

r

I

a) b)

Pucynok 151

YacTuuHbIl TOK, BBI3BaHHBIA TepBbIM HcTouHMKOM JJIC, Oyner paBeH
i'(t) =u(0)- g(¢), a yacTUYHBIE TOKH, BEI3BAHHBIE TOCIENYOMMME ckaukamu DJIC,

OymyT paBHbL: i"(t) =Au-g(t—7)=u'(r)-Ar-g(t—7).
Pe3ynpTHpyronuii TOK paBeH CyMM€E 4YaCTUYHBIX TOKOB:

i =0+ Y70 =u(0)-g(1)+ S u'(0)- g (AT

[Mepetinem kK OECKOHEYHO MajbIM HHTEpBaJIaM A7 = d7T ¥ 3aMEHUM CyMMY
UHTErPATIOM:

i(t) = u(0)- g(t)+ [u'(r)- g(t - )dr

HOJ’Iy‘{CHHOC BBIPAKCHUC IJIA l(t) HOCHUT HA3BaHHC HMHTCIpalia I[IO&MCJ'IH 141
IMPHUMCHACTCA HA IIPAKTUKE AJI pacdeTa INCPCXOAHBIX IIPOLECCOB B DJICKTPHUUYCCKUX
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LEMsSIX MpU BO3JECUCTBUM HAa HUX UCTOYHUKOB JDJ[C uimuM TOKa MPOU3BOJBHOU

bopMBI.

[Topsimox mpuMeHeHust HHTEerpana Jroamerns:

1) BpIMONHSAIOT pacdeT NEPEexXOJHOr0 IMpolecca KIACCUYECKUM WU
OMEepaTOPHBIM METOAOM TMPH BKJIIOYECHWU HCCIACAYEeMOW IeMH K HMCTOYHUKY
enuHnYHON TocTtosiHHOM DJ[C E =1 1 TakuM 00pa3oM OmpeesisiioT He0OXOIUMYTO

nepexoHy0 (QyHKLHIO 110 TOKY g(f) Wi 1o Hanpsokernto K(f) |
2)  Omnpenensor nepexoauyto pyukiuo g(f —7) umm k(f —7) myrtewm 3a-

MEHBI B BRIpOKCHHUIX g(f) wiu k(t) nepeMeHHoi [ Ha t — 7.

, d|u(t
3) Haxoast npousBoanyro ot ¢yskiuu JJC u (z):% U B

IIOJYYEHHOM BBIPKCHHH 3aMEHSIOT IIEPEMEHHYIO ¢ HA7, B Pe3y/IbTaTe MOIYYaroT
Gyukuuro €'(7).

4)  Beipaxenus ¢ynxmuit #'(7), g(t—7) wim k(f—7) HOACTaBIAIOT B
bopmyiy uHTerpana Jlroamensi, BHIIOIHIIOT HHTETPUPOBAHUE 110 IEPEMEHHON T

U TIOJICTABIAIOT TMpEeAeNibl HMHTErpupoBaHusi 1o mnepemeHHodt ¢ Ilpu
HEOOXOJAMMOCTH YNPOUIAIOT CTPYKTYPY TOJYYEHHOTO BBIPAXKEHHUS HMCKOMOMU

Gynkumu (1) umm u(t) .

3aMeuaHus:

1) Ecam dysxmus u(?) mpeTepreBacT CKayKd HIM Pa3pbiBBl, TO OHA
pa30uBaeTCs Ha OTICNIBHBIC YYaCTKH C IUIABHBIM W3MEHEHHEM(YHKIINHU, TIPU 3TOM
uHTerpas Jlroamens MpUMEHSIETCs K KaXKI0MY y4acTKy B OTICIBHOCTH.

2) [Ilpm pacdere MepexOAHBIX MPOIECCOB B IEMAX IMOCTOSHHOTO WIIH
CUHYCOHMIAILHOTO TOKAa METOJ MHTerpana J[roaMmensi IpouTrphIBacT KIACCUIECKOMY
¥ OTIEPaTOPHOMY METO/aM, TTOITOMY JJIsI TAKUX IIeTIe OH HE TPUMEHSIETCA.

IIpumep. Paccuurate TOK i(f) B uenu R, C mnpu ACHCTBUU Ha HeEe
TpaIneurueBUIHOIO UMITYJIbCA C 3aJJaHHBIMU MTapaMeTpaMu (pUCYHOK 152):

Lt © ul0) |___ulB=ul0) —kt
— | | elt)
| T
C) u(i)
r
0 E
a) 6)

Pucynoxk 152

[TepexoaHas MpOBOAUMOCTb CXEMBI:
t—-7 t T
L 1 -

1 _t
N=—e rC t—7)=—¢ rC =—¢ RC ,RC
g =— - g(t—1) 7
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[pomssonnas ot Gpynxmmu JC u(t): u'(t) =—k; u'(r)=—k

Tak kak QyHKms u(f) B MOMEHT BPEMEHHU = {, M3MEHSACTCS CKAYKOM, TO
ee pas6buBaem Ha aBa yuactka (07,7 +0), I K&KIOTO U3 KOTOPBIX HAXOMUM
CBOE PelICHHE 111 HCKOMOM (yHKuun (7).

Pemenwne s 0 < ¢ <¢,:

-t -t T

i(t) = u(O)—eRC J.—k%eRceRCdr =
0

t

_e(0) k ”(O) _rce " (ex e -1)= (6(0) + kC)e_RLC «C

e RC _ RC RceRC
7 =€ ( )o =

Pemenne juist 1, S <00

i(0) = u(0)g () + [/(2)- gl — )+ dr —u(t)- glt~1,)

10.21 Pacyer nepexoaHbIX MPOLECCOB METOIOM YHCICHHOIO
uHTerpupoBanusaanddepeHIHAIbHBIX YPaBHeHHIT HAa JBM

Cucrema muddepeHIHATbHBIX YPaBHEHHM, KOTOPHIMH  ONHCHIBAETCS
COCTOSTHHE JII0OOOM 3JEKTPUUYECKON IenH, MOXXET OBITh pelIeHa METOAO0M
YHUCIIEHHOTO MHTEerpupoBaHus Ha OBM (Meron mocienoBaTeNbHBIX HHTEPBAJIOB
WU MeTOoJ Disepa).

CyIHOCTh METOJIa COCTOUT B TOM, YTO MCCIEAYEMBI MMPOMEKYTOK BpEMEHHU
T (mpu pacueTe TMEPEXOAHBIX MPOIECCOB, ATO 7T,— TMPOJOIIKUTEIBHOCTb
MEPEXOAHOTO TMpoIecca) pa3dmBaeTCss Ha OOJBIIOE YUCIO N DIEMEHTapHBIX
OTpE3KOB BpeMenu Af = % = h , XOTOpbIE HA3BIBAFOTCS IIATOM UHTETPHPOBAHHS.

B muddepenumanbHbix  ypaBHeHHsIX — AudQepeHuunansl  GYHKIHMA
3aMEHAIOTCS WX KOHEYHBIMU TMPUPAIIECHUSMHU, a MPOU3BOJAHBIE (GYHKIUH  —
OTHOIICHUSIMH TTPUPAITICHHIA:

dt > At=h
dx(k) = AX () = X = X

Xy s Axy, _ X T X _
( )= A P , OTKYJa CJIEIYET:

dx
Xy =Xy hE(k)

Ha kaxxoM 11are MHTErpupoOBaHus peraercsa cucrema nuddepeHmanbHbIX
YPAaBHEHUM, B PE3yJbTaTe€ pPEIICHUS ONPENCIAIOTCS YHUCIEHHBIE 3HAYEHUs
OPOM3BOAHBIX M caMuX (QyHKUMA. B KkayecTBe HMCXOAHBIX NAHHBIX JUISI HMX
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oTpeZieNIeHuUs] UCTIONB3YIOTCS 3HAUYCHHUS ITHUX K€ (QYHKIMI Ha TpepIIyIeM Iare,
a Ha HaYaJIbHOM 1-OM I1are — UX 3HA4eHUs1 B MOMEHT KoMMyTauu npu t =0 , T.e.
HauvaJbHble yCloBUsA. B pesynbraTe pacuera /uis QyHKUMH U UX MPOU3BOJHBIX
COCTaBJISIIOTCS MAacCHBBl MX 3HAUEHUH B MCCIEyeMOM HHTEpBaje BpemeHHu T,
KOTOpbIE TIOCJI€ 3aBEpIICHHs LUKIa TOABEPraloTcs  COOTBETCTBYIOLICH
MaTeMaTH4eckoil 00paboTKe, a HMMEHHO: CTpOATCS TpaduyuecKue IuarpaMMel
(GYHKUIMH, COCTABISAIOTCS HEOOXOIUMBbIE TAaONUIBI, UCCIEAYIOTCS (QYHKIUU Ha
HAJINYUE MaKCUMYMOB M MHHUMYMOB, YCTaHaBJIMBACTCS MPOJOIKUTEILHOCTD
IIEPEeXOAHOT0 MpoLecca U ero Xxapakrep, 1 T.J.

[Ipumep. PaccumrtaTh nepexolHbI MpolecC B CXemMe pUCyHKa 153 ¢

3aIaHHBIMU [TapameTpamu 3aeMenToB: e(f) = E, sin(wf +a), R,R,, R3, Ly, Ly, C.

| i | R. Jql
C) €y —c—

Ly

Pucynox 153

[Tyrem pacyera CXeMbl B YCTAHOBMBIIEMCS PEXHME IO KOMMYTAI[UH
OIIpeNensIoTCs He3aBrcuMmble HadanbHbie yeinosus [ (0), i,(0), u-(0).

[To 3akonam Kupxroda mis cxembl MOCiI€ KOMMYTAIlMM COCTaBIISETCS
cucteMa quddepeHaIbHbIX ypaBHEHUH:

=1 —i3=0,
_ di, :
LR+ L, —+u,=F sin(wt+a),
dt
) di
iLR,—L,—~+u, =0,
dt
, du
i, = C—=,
\ dt

BriOupaercs mar unrerpupoBanus h (Hanpumep, u3 pacuera N=1000 maros
5
Ha niepuon T=0,02 ¢ nepemenHoro Toka, Toraa h=T/ N =2-10" ¢).
CocraBnsieTcs aaroOpuTM BbIUUCIEHUHN AJIS IPOU3BOJIBHOTO K-TO 1Iara:

ll(k—l) ) lz(k_1) ’ uC(k—l) — HCXOOHBIC JaHHBIC,

{,) =K h—Texymee Bpems,
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.27
e =E, s1n(7 Lo TQ),

= U300 = ety ~hage) s

= %(K) = Lil(e(x) ~hgen B =V ) ’
= %(K) = LLZ(UC(KI) ~ e Ry )’
- d;tc (r) = %’Mn

o di
Loy = Y +hE(K) ,
o di,

Ly = by +hE(K) ,

du
Ucpy =Ucey T h dt_(K)'

Jlanee cieayrOT BEIYUCIICHUS 110 TOMY K€ allrOpUTMy s (k+1)-ro mara u T.
.

B cooTBeTcTBMM C COCTaBIEHHBIM QJITOPUTMOM Ha JIOOOM  SI3BIKE
COCTaBJIICTCS TporpamMma BbIUHMCICHHMNH Ha OBM, 4uto mnpeacraBiser coboi
HECJIOKHYI0 MHKEHEPHYIO 3a7a4y.

B Hacrosimmee BpeMs METOJA YUCIEHHOTO WHTETPUPOBAHUS SIBISETCA
HanOoJiee YHUBEpPCAJIbHBIM UM HauboJiee MPOCTHIM METOJOM pacyeTa MepexoHbIX
IIPOLIECCOB B JIEKTPUUECKUX LEIAX. JJOCTOMHCTBaAMH METO/IA SIBISIOTCS:

1. MeTton YHCIIEHHOTO HWHTETPUPOBAHMS OJUHAKOBO IIPOCTO MOKET
IPUMEHATBCA UL pacyera NEPEXOAHBIX IPOLECCOB B JIEKTPUYECKUX LEIX
JH000M CJIOXHOCTH, COJEpKAIIMX JI000€ YHCIO HE3aBUCHUMBIX HAKOIUTEIEH
sHeprun L m C. B TO xe BpeMs B KIIACCHYECKOM M OIEPATOPHOM METOJax ¢
YBEJIMYECHHEM YHCIAa HE3aBHCHUMBIX HAKONUTENEW SHEpPruH (M COOTBETCTBEHHO
nopsaka — AUQGQGEepeHlrnaIbHOr0  YpaBHEHMS)  3HAYUTENBHO  BO3PACTaIOT
MAaTeMaTUYECKUE CIIOKHOCTH, YTO IPAKTUYECKU HE IO3BOJISIET NMPUMEHSTH OTH
METO/bl AJi penieHus AuddepeHuanbHbIX YPaBHEHHUH BhIlIe 2-T0 MOPSAKA.

2. Meroa YHMCIEHHOTO HWHTETPUPOBAHUS MO3BOJSET CPABHUTEIBHO
IIPOCTO BBHIMIOJIHUTh MAaTEMATUUYECKUN aHANIU3 PEIICHUS NI UCKOMOW (PYHKIMU U
MOJIYYUTh BBIBOJBI, HEOOXOAMMBIC JII HWHXEHEPHOW NPAKTUKH, a HMEHHO:
ONPEACIINTh  XapakTep MW  MNPOJOJDKHUTEIIBHOCTh  IEPEXOAHOr0  IMpolecca,
ONpeJIeTUTh MaKCUMAaJIbHbIE 3HaYeHUsI QYHKIMH U T.1.

K HenmocraTtkam MeToja clieqyeT OTHECTH HEOOXOAMMOCTb COCTaBJICHUS
VH/IMBUIYAJIbHOM PAcYETHOW NPOTrpaMMbl JUISI KaXKIAOWM KOHKPETHOW 3aJlaud U
pemeHre ee Ha OBM, 4TO cero/iHs y»ke MOCUIIbHO KaXKJIOMY UHKEHEPY.
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10.22 Pacuer nepexoHbIX MPOIECCOB METOA0M MePeMEHHbIX COCTOSIHUS

VYpaBHEHUAMH COCTOSIHUS 3JIEKTPUUYECKOM 1IETMH Ha3bIBAIOT JIFOOYIO CUCTEMY
mudepeHnanbHbIX YpaBHEHUN, KOTOPAsl OMKUCHIBAET COCTOSIHUE (PEXKUM) TaHHOU
uenu. Hanpumep, cucrema ypaBHeHuil Kupxroda sBiserca ypaBHEHUSMU
COCTOSIHMSI LIETIH, JIJIsl KOTOPOIl OHA COCTaBjeHa.

B Oosee y3koM cMbIcie B MaTEMATUKE YPABHEHUSMU COCTOSIHUSI Ha3bIBAIOT
cucteMy nuddepeHIManbHbIX YPaBHEHUN 1-TO TOpsiIKa, pa3pemieHHbIX OTHOCH-
TeapHO TIpom3BOAHBIX ((popma Komm). Cuctema ypaBHEHUN COCTOSHUS B
00001eHHON (hopMe UMEET BUJL;

dx
7; =apX, tapX, +F(2)
dx
dl‘z =auXxX, +tapx,+ +F2(t)
dx
dn =a,Xx, +a,x, + +F, (1)
o O T T2 T
Ta xe cucrema ypaBHEeHUH B MaTpUIHOU (hopme:
&\ ey e, a, | [x] [F®]
dt
dx
Celolay an a |¥|n |+ RO
dx,
dr ] (@ Gn a, | %] O]

WU B 00001IEHHON MaTpuuHOU popme

[¥']=la]x[x]+[F ()]
Cucrema ypaBHeHHi cocTostHus popmbl Kot pemraercss METOA0M YHCIIEH-
HOT'0 MHTErpupoBaHus (Meton Dinepa uin meroa Pynre-Kyrra) Ha 9BM no cras-
JapTHOM MporpamMme, KOTopasi 0KHA OBITh B TAKETE CTAHJAPTHBIX MPOTPaAMM.
[Tpu oTCYTCTBUU TaKoOi MPOrpaMMBbI B ITAKETE OHA JIETKO MOXKET OBITh COCTaBIICHA
MO CJIEAYIONIEMY AITOPUTMY (METO Dijepa) sl K-ro Iiara:

t.=K-h
3HaueHus IPOM3BOAHBIX Ha K-OM IlAre:
( dx
1 _
_dt ()= A Xy ery T A Xy Tt Fi(t,)
<. . d ....................................................
xn
E (k)= A Xy T QX+t ()
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3HaueHUs INECPEMCHHBIX Ha K-OM IIIare:
(

dx
Xy = Xieny T h 7; (k)

% ()
t

I[JI}I OIIPCACIICHUA 3HAYCHUH MNEPCMCHHBIX U UX IMPOU3BOJHBIX Ha 1-M mare
HHTCTPUPOBAHUA HCIIOJIB3YIOTCA MX 3HAUYCHHA HA MOMCHT t:(), T.C. UX Ha4YaJIbHBIC

ycnosus X, (0), x,(0), ... x,(0).

VYpaBaenust coctosiHust Gopmbl Komm 1715 3a1aHHOM CXeMBbI MOTYT OBIThH
NOJTyuyeHbl M3 cucTeMbl ypaBHeHHM Kupxroda myrem ux mpeoOpazoBanus. s
TOM Ienu: a) M3 cucreMbl ypaBHeHuid Kupxroda MeTomoMm mMoACTaHOBKU
UCKIIIOYAIOTCS  "JMUIIHKWE' TEepEMEHHBbIE, HMEIOIUE 3aBUCHMBIE HayajlbHbIC

L 'xn(K) = xn(K—l) + h

YCJIOBUS, U OCTaBIISIIOT TEpEeMEHHbIC I, (f) u u.(t), KOTOPbIE HE H3MEHSIOTCS

CKAQUKOM UM HMEIT He3aBHcuMble HauanbHble yciaoBus I, (0), u-(0); 0)

OCTaBIIIMECS YPABHEHUS PEIIAIOTCS OTHOCUTEIBHO MTPOU3BOIHBIX M TIPUBOISATCS MX
K ¢popme Komm.

B ciydae cloKHBIX cXeM ypaBHEHHUs cocTostHus ¢hopMbl Ko MoryT
OBITH COCTaBIIEHBI TOTIOJOTHYECKUMH METOJaMH C WCIOJIb30BAHUEM MAaTPUIL

COCIMHEHU U [A] U [B]
[TocienoBaTenbHOCT,  pacuera  IMEPEeXOJHOr0  Ipouecca  METOJIOM

IIEPEMEHHBIX COCTOSHUS BBITJIAINAT TAK:
1. IlpousBomurcs pacdyeT CXE€Mbl B YCTAHOBUBILEMCS PEXHUME [0

KOMMYTALIUK U ONPENEISIOTCS He3aBUCUMbIe HavanbHble yeaoBus i, (0) u u(0).

2. Cocrapnsiercs cuctema aud@epeHuanbHbIX YpaBHEHHN MO 3aKOHAM
Kupxroda 1151 cxeMsl 1mociie KOMMyTalluu.

3. MeToaom HCKIHOYEHHUS "NMHUINHUX'" MEPEMEHHBIX CHCTEMA ypaBHEHUI
Kupxroda npeobpa3zyercs B cucteMy ypaBHeHHI Ko, coCTaBisiOTCS MaTPHUIIbI
KO3 (UIIUEHTOB.

4. BsiOupaercs pacdyeTHO€ BpeMs (IIPOJOJIKHUTEIBHOCTh MEPEXOJHOrO
poLecca) U YUCJIO LIaroB UHTErpupoBaHus N.

5. Pemenue 3agaum BeinoJiHsgeTcss HAa OBM 1no crangapTHON mporpaMmme.
BbIxoHy10 (QyHKIUIO TOJIy4aroT B BUjIe rpadudeckoit quarpammbl x = f (1) wiu B
BUJIE TaOIHIIBI KOOPAUHAT QYHKIUH 715 3aJJaHHBIX MOMEHTOB BPEMEHHU.

[Tpumep. s cxemsl pucyHka 154 ¢ 3ajaHHBIMU MTapaMeTpamMu 3JIEMEHTOB

(e(t) = E, sin(wt +y,), j{t)=1, sin(@t+y.); R, R, R, R, L, L, C) gpmon-

HUTDB pacydeT IICPEXOAHOTO IIpOoLccCa U OIIPCACIUTD ®YHKHHm uab (t) .
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Pucynox 154

1. BoimonHsercs pacdyeT CXeMbl B YCTAHOBUBIIEMCS  PEXHUME
NEPEeMEHHOTO TOKa [0 KOMMYTAIlMM W OIpPEAeNSIOTCs HadalbHbIE YCIOBHUSA
i,(0),4,(0), u.(0) .

2. Cocrapnsiercs cuctema aud@epeHuanbHbIX YpaBHEHHN MO 3aKOHAM
Kupxroda:

—i, +i,+i,+ j(t) =0, 1)

iR, +Ll%—i3R3 —u, =0, (2)

i,R,+L, % +i,R, +u. =e(t), (3)

) du
ib=C dtc 5 4)

3. Cucrema ypaBHenuit Kupxroda npeoOpa3syercs B CUCTEMY ypaBHEHUIN
Kommn.

Jlost oroii tieau u3 (1) BeipaskaeM iy =1, —i, — j(f) u geaaeM MOJCTAaHOBKY B
(2) u (3), a u3 (4) nenaem noactaHoBKy B (1). Torna nmomyuum:

di, R,—R R 1 R
2 1: 3 ll' _ 3l' + U — 3 t
H3( ) dt Ll 1 Ll 2 Ll C Ll ]()
di, R,. R, —R,. 1 1 R, .
— == +——=0, ——u.+—et)+—j(t
u3 (3) Jt Lzl L 2 L c L () L, Jj ()
du 1 1 1
) —S=—i ——i +0-u.—— j(t
u3 (1) i clcn c CJ()

BBenem o0o3HaueHUs: i,=x;; =X, Uc=x3. IlogcunTraem 3HaYCHUSA
OT/ACJIBHBIX KO3(PUIIMEHTOB.
1
_R =R R,

a = —_ a _ —
12 13
Ll ’ Ll ’ Ll

ay,
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R ) )
F ()= —L—3]m sin(ot +y,)=E,, sin(@f+a,) , ut.n.
1
CocraBiseM MaTpuLbl KO3 PHULUEHTOB:

a, 4d, dap F,, sin(at + ;)
[a] =| 4 dyp Ay | [F(t)]: F,, sin(et +a,)
a,, a;, Qs F, sin(ot +a,

B kauecTBe uccieagyeMoro npomMexxyTka BpeMeHH BBIOMpaeM NepUo repe-

1
MEHHOTO ToKa 1 = 50" 0,02¢ . Yueno maros MHTErpUpOBaHUs IPUHUMAEM

N=1000.
BBoaum ucxoansie nanusie B OBM u BBITIOTHSIEM pacyer.
B kauecTBe BBIXOAHON (PYHKIIMH IPUHUMAEM:

xgb’x (t) = uab (t) = ilRl + Ll % = Rlxl + Ll % - axl + %

Jlnst BEIXOHOM QYHKIMHU U, (f) cTpouM rpaduUecKyro quarpaMmy B HHTEpP-
BaJsie nepuona 7.

11 YeThIpexnoa0CHUKA U PUIbTPHI
11.1 YpaBHeHus1 4eThIPEXMOJICHUKA

YeThIpeXMOIOCHUKOM HA3bIBAE€TCA 4YacThb JJIEKTPUUYECKOW LENH WU
CXEMBbI, COJepXkallas [Ba BXOAHBIX BbIBOJAA (MOJOCA) IS MOAKIIOYEHUS
VCTOYHHMKA SHEPIHMM M [1Ba BBIXOJAHBIX BBIBOJA JUIS IMOAKIIOYEHUs Harpy3ku. K
YETBIPEXTIOJIOCHIUKAM MOYKHO OTHECTH pa3JIMYHbIE MO HA3HAYEHHIO TEXHUYECKUE
yCTPOMCTBA: ABYXIPOBOAHYIO JIMHUIO, JIByXOOMOTOYHBIN TpaHcopmaTop,
(GUIBTPBI YACTOT, YCHIIUTEIN CUTHAJIOB H JIP.

Teopusi 4ETHIPEXIOIIOCHUKOB YCTAHABIMBAET CBS3b MEXKAY PEKUMHBIMHU
napamerpamu Ha Bxone (Uj, 1)) u pexxumHbIMu napameTrpamu Ha ero Boixoae (Us,
[), mpu »TOM mpoLecChl, NPOUCXOIAIINE BHYTPU YETBIPEXIIOJIIOCHUKA, HE
paccmatpuBarotcd. TakuM oOpa3oMm, e€uHasi TEOpUs YEThIPEXIIOIIOCHHUKA
NO3BOJIAET AHAJM3UPOBATH PA3JIUYHBIE 10 CTPYKTYpE M HA3HAUEHUIO JJIEK-
TPUUECKHE LIENN, KOTOPBHIE MOT'YT OBITh OTHECEHBI K KJIACCY YETHIPEXIOIIOCHUKOB.

Ecnu 4eThIpexXnoItoCHUK HE COJIEPKUT BHYTPH c€0s1 MICTOUHUKOB YHEPIHH,
TO OH Ha3bIBAETCS MACCUBHBIM (0003Hauaercs OykBoi 1), ecnu BHYyTpU
YETBHIPEXTOJOCHUKA UMEIOTCSI HCTOYHUKH, TO OH Ha3bIBAETCSI AKTUBHBIM
(o603HauaeTcs OykBoOil A).

B HacTtosmen = rinaBe  QHANM3UPYIOTCA  ITACCUBHBIE  JIMHEMHBIC
YETBIPEXTOMIOCHUKU. Ha 3leKTpUYEecCKuX CXeMaxX YEeThIPEXIOJIOCHUKHA YCIOBHO
0003HaYarOTCsl MPSIMOYTOJIBHUKOM C JIByMsl Iapamu BbIBOJIOB: 1 u 1' - BXoaHbIE
BBIBOABL, 2 M 2' - BBIXOAHBIE BbIBOABI (pucyHOK 155). CoOTBETCTBEHHO
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HanpsDKEHUE W TOK Ha Bxoje umuaekcupytorcs mudpoit 1 (U, 1) , a Ha Bbixoae —
uudpoii 2 (Us, L).

1 4 i 2
0 e |
1' 2

Pucynok 155

VYcTaHoBUM CBsI3b MeX Ay napamerpamu pexxuma Bxoaa (U, 1) u Beixona
(U,, I). Jlms aToi 11€711 COTJIaCHO TeopeMe O KOMIICHCAIIUU 3aMEHUM Harpys3Kky Z,
ucrounukom J]J1C E, = U, = [,Z, 1 HaliileM TOKH MO METOJly HAJIOKEHUSI OT
Ka)KJIOTO UCTOYHUKA B OTJEIHHOCTH (PUCYHOK 1564, 0):

14 B 2 14" L"2
F C) A N N U, (}
1" 2" 1' 2!
a) 6)

Pucynoxk 156

_ ] "__
{1 - 11 _11 - Q1Z11 _Q2Z21
_ ' "__
2 —lz _lz —Q1X12 _szzz )
rae Yi;, Yz — BXOJHBIE MPOBOJAUMOCTH BXOJA M BBIXOAA, Y1, = Y, — B3aUMHas

IIPOBOAUMOCTD MEKy BXOJIOM U BBIXOJOM.
BripasuM 13 nosry4eHHbIX YPAaBHEHUM PEKUMHBIE ITapaMeTphl Ha

BXOC:
Y
U1 = 2__22+12L:é Uz +B lz
_ i Y —
I L2
Y..Y Y
L, =40, == L 5 +£2__11:Q Qz +Q 12,
Y Yy
Y 1 Y, Y Y
PRS- [—]-B=— c=ftuin _y _D:—_ll[_]_
rae 4 ; b [Om]; T [CMm]; £
Y, Y, Y, ! XIZ

KOMILJIEKCHbIE KOA(DPUIIMEHTHI YETHIPEXTOTIOCHUKA.
C y4eToM NmpuHATHIX 0003HAUYEHUI CUCTEMa OCHOBHBIX YpaBHEHUHN
YETHIPEXMOIIOCHUKA TIOJTYYUT BHUI:
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U =AU, +B1l, — CHCTEMa OCHOBHBIX YPaBHEHHMIA
I =CU,+DL YETBIPEXIIONIOCHUKA (POPMBI A.

VYpaBHEHUS YETHIPEXTIONIOCHUKA YacTO 3aMKUCHIBAIOT B MATPUUHOM (hopme:

1 e il )l

A E All 412
rae [A]: C D = 4, A, — Matpuia KodhpdurnreHToB GopMbl A.

BBIpaBI/IM COOTHOIICHUEC MCIKIY KOG)(i)(i)I/IHI/ICHTaMI/I YCTBIPCXITOIIOCHUKA

4p-p.c=t2 tu_ | '(X“XZZ_Ym):l
- XZl X12 X12 Z12 B

A-D-B-C=1 — ypaBHeHue cBsi3u MeKay Kodpduimentamu. Y paBHEHUE
CBSI3U MOKa3bIBAET, YTO HE3ABUCUMBIMU SIBIISIFOTCS TOJIBKO TPU U3 YETHIPEX
K02 (PULIMEHTOB YETHIPEXITOTIOCHHKA.

ITomensiem mectamu B cxeme (PUCYHOK 155) HMCTOYHUK W NPUEMHHUK
sHepruu. B HOBON cxeme (pucyHok 157) HampaBieHUsS TOKOB HM3MEHSTCA Ha
IIPOTHUBOIMOJIOKHBIE.

|

L
=]
=
£
\_/

Pucynox 157

VYpaBHEHUSI YETBHIPEXITIOIIOCHUKA C YUETOM U3MEHEHMSI HAIIpaBJICHUH TOKOB
IPUMYT BUA:
Q1 :igz_&lz (1) xDxC
{ -1,=C-U,-D-1, (2) xB x4
[Ipeo6pazyeM nmoaydyeHHYIO CUCTEMY YPaBHEHHH CIEAYIOUIUM 00Pa3oM.
YMHOxHUM wiieHbl ypaBHeHus (1) Ha D, unensl ypaBHeHus (2) Ha B u BeruTeM
NO4WIEHHO U3 1-ro ypaBHeHus 2-oe. B pe3ynbrare noayunm:
DU, +B',= (A'D-B:C)-U,+ (B-D-B-D)', = U,.
YMHOkUM wiieHbl ypaBHeHus (1) Ha C, uneHsl ypaBHeHUs (2) HA A u

BBIUTEM W3 1-ro ypaBHeHUs 2-o€. BpesynbTarenonyunm:
CU+AL=ACAOUL+AD-BOL=L
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Hogas cucrema ypaBHEHUHN YETHIPEXITOIOCHUKA ITOTY4YNIIa HA3BaHHE
dbopmel B:

U,=DU; +Bl; —CUCTEMa OCHOBHBIX
L=CU, + Al YPaBHEHHUIYETHIPEXIIOTIOCHUKA

IICTI;IpeXl'IOJI}OCHI/IK HA3bIBACTCA CI/IMMeTpI/I‘{HLIM, CCJIn HepeMeHa MECTaMHM
BXOAHBIX WU BBIXOJAHBIX BBIBOAOB HE€ BJIIUACT HA pe)KI/IM OCTaJIBHOﬁ I_[el'II/I, qaCTbIO
KOTOPOM SIBIIIETCS YETBIPEXTOIIOCHUK. J[JIsI CUMMETPUYHOTO YETHIPEXIIOIIOCHUKA
A=D u A’-B-C=l.

Kpome HazBaHHBIX POpM ypaBHEHHUH YETHIPEXIOMOCHUKA A U B mpumeHsi-
I0TCS Ha TIPaKTHKE ellle YeThIpe popmbl, a uMeHHO Gopmbl Z, Y, H u G. CtpykTypa
ATUX YPABHEHUM NPUBEICHA HUKE:

U =ZyL+Zyh —CHCTEMA OCHOBHBIX YPaBHEHUIA
U =21+ 2l YETBIPEXTIOMIOCHHKA (POPMBEI Z.
L=Y,U+Y;U —CHCTEMA OCHOBHBIX YPaBHEHUI
L=Y,,U+Yxh YETBIPEXTIOMIOCHHKA GOPMBL Y.
U, =H;L+H;U —CHCTEMa OCHOBHBIX YPaBHEHUI
L =H,/l; + H»'Us YETBIPEXIIONMIOCHHUKA (hopMbI H.
I, =GiU;+ Gl —CUCTEMA OCHOBHBIX yPaBHEHMI
U, =GorUs + Gl YEeTHIPEXTOTIOCHUKA (OopMbI G.

Jns ypaBaenuit popmel Z, Y, H u G npunsita cienyromias opueHTaIus
TOKOB U HaIIPSKEHUI OTHOCUTEIBHO BBIBOJIOB YETHIPEXIIOIOCHUKA (PUCYHOK

158).

1 i L 2
U I U,
1" 2"

Pucynoxk 158
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CooTHomeHuss MeXIy KO3(POUIIMEHTAMH YEeTHIPEXITOTIOCHUKA Pa3TUIHBIX
dbopM MPHUBOIATCSA B CIPABOYHOM JIUTEpAType, OJHAKO MX HETPYAHO MOJYUHUTH,
BBITMIOJTHUB TIpeoOpa3oBaHne OAHOW (GopMbI ypaBHEHHH B apyryro. Hampumep,
nycTh 3aaHbl KodpduuueHntol Gopmel 4 (4, B, C, D) u Tpedyercs onpeaeauTb
kodpbunmenTsr hGopmbl Z(Zy1, Ziz, Zo1, Z22). s 3T0TO B ypaBHEHUSX (PopMbl A
WU3MEHUM 3HaK TOKa [, ¥ PElIuM BX OTHOCUTENhHO nepeMeHHbIX U u Uy:

U=AU-BL (D
[ =C-U,-D'L, (2)
1 D

U3 (2) cnenyer: U, = C—L + Elz =Lyl +2Zy1, .

+

1 D A 1
U3 (1) cnenyer: U, :A(EL Elzj_ﬁ'lz :Ell +Elz =ZyI,+Z,1,.
CpaBHMBas MOJy4YEHHbIE BBHIPAKECHHUS C YPABHEHUSMHU UYETHIPEXIOIIOCHHUKA
(bopMBbI Z, HaXOAUM COOTHOIICHUS MEXAY KOdPPUIIMEHTaMU ABYX (HOpM:
A 1 1 D

Z :?; Z, :E§ Z :E; Z, :E-

11.2 Cxembl 3aMeLIeHUS] YeThIPEXIOJIIOCHUKA

Tak kaK 4eTHIPEXMOIIOCHUK XapaKTepU3YyeTCs TPEMsI HE3aBUCUMBIMHU KO3 (-
dbunrMeHTaMu, TO U3 ATOr0 CIEAYET, YTO €ro MpoCTeilllas cxema 3aMelICHUs
JIOJKHA COJIEpKaTh TPU HE3aBUCUMBbIE 3JIeMEHTHI. CyIlIeCTBYET JABE TaAKUE CXEMBbI:
a) T— oOpa3nas cxema wim cxema 3Be3fbl, 0) [I-oOpa3Has cxema uianM cxema
TpeyrojibHuKa (pucyHok 159a, 6).

YcTaHOBUM COOTHOLICHHS MEXay KO3 (UIIMEeHTaMH YeThIPEXONOCHUKA 4, B, C,
D v mapaMmeTpamu 3JIEMEHTOB CXEM 3aMEIICHUS.

Ha ocnoBanum 3akonoB Kupxroda momyunm mmst T-oOpa3Hoil cxembl
(pucynok159a):

Li=1,+1,=1,+U,+1,2,)Y,=U,Y,+1,(1+Z,Y,),

Q1 :Lzl +£2Zz +Q2 :Q2(1+Z1X0)+£2(Z1 +Zz +Z1ZQXo)-

h 4 5o b h Ih 2 L
Mt E— . o — . I l —
1 [ L | 2 1 L | 2
U'1 Yn U:n U'1 1 Y‘) |::| U?
.‘n l Ill IH‘ #
1'e . . 2 1" * .2
a) 6)

Pucynoxk 159
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CpaBHuBas MOJTYYCHHBIC BBIPAKCHUSIMHU c ypaBHEHUSIMU
YETHIPEXITOTIOCHUKA POPMBI A, HAXOAUM HY>KHBIE COOTHOIIIECHHS:
A=1+2\Y,, B=Z,+2Z,+72,2,Y,; C=Y,;, D=1+2,Y,;
v,-c; z,-42% z,-2-1
@ c
Ha ocnoBanum 3akonHoB Kupxrodpa mnomyunm s Il-oGpasHoil cxembl
(pucynok 1596):
Ql - Qz +£OZO - Qz + (12 +Q2Z2)Zo = Qz(l +XzZo) +£2Zo:
L :lz +£2 +I_’1 :12 +Q2X2)+Q1X1 :Qz(Z1 +Z2 +)_/1)_IZZO)+£2(1+ZIZO)°
CpaBHHBasI TIOJIYYCHHBIC BBIPRKCHHS C YPABHCHHUSIMH YETHIPEXITOTIOCHUKA

(GopMBI A, HAXOIUM HYKHBIE COOTHOLIEHUS:
Azl"‘ZQZo; B=2Z,, Q:Z1+Xz +Y,\Y,Z,; Q:1+leo;
D—1 A-1
—_ . Zz — - .
B B
I[J—Iﬂ CCMI/ITpI/IIIHOFO quBIpeXHOHIOCHI/IKa JOJIDKHBI BBIITIOJIHATBHCS

Zo ZE; Xl =

>

paBeHcTBa: Z, =Z,— nna T-o6pasHoit cxempl u Y, =Y,— nna Tl-o6pasHoit
CXEMBL.

[Tepexon ot T-00pa3noii cxemsl k [1-06pa3Hoit 1 HAOGOPOT BHITIOIHAETCS IO
U3BECTHBIM (hOopMyJIaM MPeoOpa3OBaHMsI CXEMBI 3BE3JIbI B CXEMYy TPEYTOJbHHUKA H
Ha000POT.

11.3 Onpenesnenne kK03GpPUIHEHTOB YeTHIPEXIOJIOCHUKA

KoadhuimenTsl 4eTHIPEXNOIIOCHUKA MOTYT OBITh  ONpPECIICHBI
PacCUYETHBIM WUJTU KCIIEPUMEHTATBHBIM ITyTEM. Ecnu wu3BecTHa  BHYTpPEHHsIS
CTPYKTypa (CXema) 4eThIPEXIOJIIOCHUKA U MapaMeTpbl OTJEIbHBIX 3JIEMEHTOB, TO
KO3 PUIIMEHTHl YETHIPEXIIOIIOCHUKA OMNPENENSIOTCS PACUETHBIM IyTEM IO
OJIHOMY M3 JABYX METO/OB.

CyIlHOCTh NEPBOTO METOJA COCTOMT B TOM, YTO CJIOKHAs CXeMma
YEeTHIPEXITOMIOCHUKA ITyTeM MOCIeI0BATENbHBIX TPE0OPa30BaHUN CBOPAUYNBAETCS K
npocteiimeir T- wnu [1-o0pasnoit cxeme. KoappuimeHTs 4eThIpexnoa0CHUKA
OTIPEACIIAIOTCS MO0 COOTBETCTBYIOMIMM (hopMyraM, MOMy4YEHHBIM paHee i ITHX
CXEM.

[Tycts Tpebyercsa omnpenenutb KOd(QOUIMEHTHI YEThIPEXIOIIOCHUKA,
cxeMa KOTOpOro npuBeieHa Ha pucyHke 160.

£ £ £
te—f 4o P41 b2
A 2l
1 2'

Pucynox 160
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: Z,,25, Z
BeinosniHsietcss  mepBoe  mpeoOpasoBaHue:  TPEYrONbHHUK — £y,Z43, £,

npeoOpasyeTcs B 3KBUBAJICHTHYIO 3Be31y £, £, Z s (pucyHok 161):
. i I I

=1 = 27 2

11— —2

Lz

Pucynox 161

3areM BBITIOJHSAIOTCS ITOCIICIOBATEIIbHBIC TpeoOpazoBanust Z,, =Z,+Z,

Z,,=2,+Z,Y,= 1/Z;, nocne uero cxema MOJTydaeT CTaHAapTHBIA T-00pa3HbIi
BUJI (pUCYHOK 162):

Pucynoxk 162

KoadpummenTsl yeThIpexnotocHuKa HaxojsaTcs 1o dopmyiaam s T-
CXEMBI:
A=1+Z2,,Y,; B=Z,+Z,,+Z,5Z,,Yy; C=Y,; D=1+72,,Y,.
CylIHOCTh BTOPOTO METO/Ia 3aKJI0YAETCS B TOM, YTO KOI(PDHUIIMEHTHI YEThI-
PEXIIOIIOCHUKA OTPEIESIOTCS Yepe3 €ro BXOJHBIE COMPOTUBIICHUS CO CTOPOHBI
BXOAHBIX ( Zix U Zix) ¥ BBIXOAHBIX (Z£oxy U Zrk) BBIBOJOB B PEXKHMaxX XOJIOCTOTO
X0Jla ¥ KOPOTKOTO 3aMbIKaHHUsl Ha MPOTHBOIIOJIOKHOM CTOpPOHE. 3HAYCHUS ITHX
COTIPOTUBJICHUN PACCUHMTHIBAIOTCS AHAJTUTHYECKH METOJOM CBEPTKH CXEMBbI
YETBIPEXTIONIOCHUKA B COOTBETCTBYIOIIEM PEKUME (X.X. MIIU K.3.) OTHOCHUTEIHHO
€ro BBIBOJIOB.
[Ipy muTaHUM YETHIPEXIIOIIOCHUKA CO CTOPOHBI TIEPBUYHBIX BBIBOJIOB
MPUMEHSIOTCS ypaBHEHUS POopMBI A
U,=DU,; +B1,,
L=CU,+A1l.
B pexume xosoctoro xoja Ha BTOpUYHOU cTOpoHE Ly = 0, a B pexume
KOpOoTKOTO 3aMbikanusi Uyx = 0. VI3 ypaBHEHUH CleIyeT:
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7 :le :A'sz‘i'o:é
- £1X Q'sz"'o Q’
ZIK:QIK _O+§'£2K :é.

£1K 0+ Q ) £2K Q
[Tpy TUTaHUU YETHIPEXIIOIIOCHUKA CO CTOPOHBI BTOPUYHBIX BBIBOIOB
NPUMEHSIOTCS ypaBHEHUsS (popMbl B:
=D-U, +B-l,,
L=CU +A1l.

B pexume xosocToro xoza Ha mepBUYHOM cTOpoHE [1xy = 0, a B pexxume

KOpOTKOTO 3aMbikanusi —U g = 0. VI3 ypaBHEHUH CIEayeT:
_ sz _ Q'le +0 _ Q

4 2X — - -
lzx g ) le +0 Q
_ QZK — O+§'£1K :é
Ly 0+A4-Iy A
CoBmecTHOE PEIICHUC ITOJIYUYCHHBIX ypaBHeHI/Iﬁ IIO3BOJIACT YCTAHOBUTDH
CBA3b MCXKY BXOJIHBIMHU COIIPOTHUBJICHUAMU YCTBIPCXIIOIIOCHUKA B PEXKHUME

XOJIOCTOI'0O X04a U KOPOTKOI'O 3aMBIKaHUA, HO HE Ja€T BO3MOXKHOCTH OIIPCACIINTD

ero Ko3(pUIMEHTHI:

Z1K

Ziy _Zoy
Z]K ZZK

Jnsa  onpeneneHuss Kod3(PPUIMEHTOB YETHIPEXIOMIOCHUKA OepyT

Jr00BIe TPU U3 YETHIPEX YPaBHEHHI AJIsi BXOIHBIX COMPOTHUBICHUN U JOMOJHSIOT

UX YpaBHEHHEM CBs3u Mexay Koapdumuentamu A-D-B-C = 1, mocie uero

pelIaloT MOJIYYEeHHYI0 CHUCTeMY M3 YeThIpeX ypaBHEHUH. B kauecTBe mpumepa

BO3bMEM YpaBHEHUS IS Ly, Loy W Lok, TOTIA TIOJTYYUM:

( A 1
Z, == C=A—
Ly Q,OTKyI[a e=47 (1)
D Z
Zyy == D=4-22% (2
¢ T Q’OTKyHa AP @)
B
ZzK:Z,OTKy,Z[a B=4-Z,, (3)
\ 4-D-BC=1 4)

N3 ypaBuenmit (1), (2) u (3) nmemaem NOACTAaHOBKY B ypaBHeHHE (4),

TIOJTY9HM:
Y4 Y4 VAT
A-4-=Z*-4-4-Z* =1, orkyna cnenyer A=% | 0———.
Z ZIX ZZX _ZzK

1X
Ocranpabie k03P dunuentsl (B, C, D) moay4uM TyTeM TOJCTaHOBKH

HaliJIeHHOTro 3HaueHus A B ypaBHeHus (1), (2) u (3).
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[Ipu w3BNEYECHUM KBAApPATHOTO KOPHS TIONYYarOTCS JIBa 3HAYCHUS
kod(pdunmrenta A U, COOTBETCTBEHHO, BCEX OCTaJbHBIX KOA()PHUIIUECHTOB,

OTJINYAIOIINECS 3HAKOM (+ WJIH —) Wi aprymeHToM B + 180°, Hanpumep A4'= Aej”,
A= _ L = (@180

JIBOMCTBEHHOCTh pEIICHUsI OOBICHSIETCI TeM (AKTOM, YTO BXOJHBIC
COTIPOTUBIICHUS JIIO0OH 1IenH, B TOM YHCIIE YETHIPEXIOJIIOCHUKA, HE 3aBUCAT OT
NOJIAPHOCTH BbIBOAOB. C ApYroi CTOPOHBI, HK3MEHEHHUS MOJSIPHOCTH JIBYX BBIBOJIOB
yeThIpexmnontocHuka (1 < 1' wm 2 < 2') npuBOIUT K U3MEHEHHUIO 3HAKOB MEpPe/
BceMU ero koagp¢uuuentamu. Takum oOpa3oM, i yTBEPKIACHUS 3HAKOB IEpeEN
K03 duUIMeHTaMH HEOOXOIUMBI TOTIOJTHUTEIbHBIE UCCIIETOBAHMSL.

Bxo/iHbIe KOMILIEKCHBIE COMPOTUBIICHHS YETHIPEXIIONIOCHIUKA MOTYT OBITH
M3MEPEHBI SKCIIEPUMEHTAIBHO 110 CXeMe pUcyHkal63:

1 2

P A
D ® /

1' 2!

Pucynoxk 163

Komruiekcuoe BXOJHOC€ COIMMPOTUBJICHUC Il -.... JaXOOUTCA 110 (i)OpMy.He:
Z — g . ej(p

—6x )

rae U, I, p—noka3anus mpuOOpOB B UCCISAYEMOM TIETTH.
11.4 CniocoOblI coeTUHEHUS YEeThIPEXIOJII0CHUKOB

CnoxkHass  menb WM CXeMa  MOXET  COJEpKaTb  HECKOJIbKO
YEeTBIPEXMOIIOCHUKOB, COEAMHEHHBIX MEX1Yy CO00M TeM WK UHbIM oOpa3om. [lpu
pacyeTe TaKMX CXEM OTACNIbHbIC TPYMIbl YETHIPEXTIOJIOCHUKOB MOXHO 3aMEHHTD
HKBUBAJICHTHBIMU OJMHOYHBIMU YETHIPEXIMOIIOCHUKAMU M, TaKUM 00pa3oM,
YIIPOCTUTH CXEMY LENH U, COOTBETCTBEHHO, PEIICHUE 3ada4H.

PaznmuuaroT 5 cmoco60B coeTuHEHNs YETHIPEXTIOIIOCHIKOB MEXKTy CO0O0M: a)
KackagHoe, 0) MmocienoBaTeabHoe, B) MapajlieIbHOE, T) TOCIeI0BaTeIbHO-TTapal-
JeNbHOe, 1) MapajielbHO-I0CIE0BATENbHOE.

Ha  pucynke 164  1oka3aHO  KacKagHOE  COCJAMHEHUE  JIBYX
yeTblpexnoatocHukoB 11" u I1'":
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1 — - | —= o —_— — e | —= 2
U, X 17" Uy U,
1' 2!

Pucynoxk 164

JUIsl KaCKaJJHOTO COEIMHEHHUs, KaK BUIHO U3 CXEMBbI YAOBIIETBOPSIOTCS Clie-
JyIOIlMe PaBeHCTBA (B MaTpuyHOU (opme):

U,

1,

_ |,
=

U,
I,

"
Uu'|

)
I

Hcnonb3ys ypaBHEHHS YETHIPEXIIONIOCHUKA (POPMBI A, MOTYYUM:

"
U2

"
L,

U,
I,

P T T AR I AT A T
L] | 1, 1" L," 1,
CrnenoBaTenbHO, MaTpuia K03 (HUIIMEHTOB HKBUBAJIEHTHOT'O

YETBIPEXTIONIOCHUKA PABEH TPOU3BEACHUIO MATPHUI] KACKaJHO BKIFOUYCHHBIX
YETBIPEXTIOIFOCHUKOB:
A' B' AH BV! (A' A' |+B' C' ') (A'B"+B|D' V)
CV DV CH DH = (CV AV |+D| C' V) (C' Bl |+D|DH *

[Ipy mocnenoBaTeNbHOM  COCIWHEHUHM  JABYX  YETHIPEXITOIIOCHUKOB
BKJIFOYAIOTCSL TOCJIEAOBATEIbHO WX BXOABl M TIOCICIOBATEIHPHO WX BBIXOIBI
(pucyHok 165):

.

4] =|4]-]41=

h L' L' Iy

1 —_— R —_—n R >
Ull I U2| l
".1" | ".2" Ug
—Ii
Pln U2||
I LY L P I
1 I 7

Pucynok 165

JIJisi mocneoBaTeNbHOIO COEMHEHHUS, KaK CIEAyeT U3 CXeMbl (PUCYHOK
165), ynoBIETBOPSIOTCA CIAEAYIOIINE PABEHCTBA!
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u=u'+u,"s  U,=U,+U," L,=1,'=1,";y I,=1,'=1,".

Hcnonb3ys ypaBHEHHS YETBIPEXIIOTIOCHUKAPOPMBI Z, MOTYYUM:

R e G T R

CnenoBaresibHO, Marpuma Kod(h(GUIIMCHTOB [Z ] 9KBUBAJICHTHOT'O
YETBIPEXITOJIOCHUKA paBHA CYMME MAaTpPHIl TIOCJIEIOBATEIbHO BKIFOUYCHHBIX
YETBIPEXTIOIFOCHUKOB: [Z ] = [Z '] + [Z ' '] :

[lpy mapayuieTbHOM  COCIMHEHHM JIBYX  YETBIPEXIOIFOCHUKOB
BKJTIOYAFOTCS NTAPaJUICIIbHO UX BXOJIbI M TTAPAJLICIILHO UX BBIXOJIbI (PUCYHOK 166):

1
".1 IJ. v v

1 — —_— — — >
| o
|
I
— z
—— =
Ulll UEII
|
1' I N

Pucynok 166

JIns mapanienbHOro COEAUHEHUs], KaK CIEAYeT U3 cXeMbl (pUCyHOK 166),
YAOBJIETBOPSIOT CIIEYIOIINE PABEHCTBRA:
. ' " _ ' " ' "__
I, =1+, ; I,=1,+1I, ) Ql _Ul _Q1 ; Uy,'=U,"=U,.

Hcnonb3yst ypaBHEHMs! YETHIPEXIIOIIOCHUKA (POPMYIIBI Y, MOTyUnM:

L e e e |

CnenoBatenpHO, Marpuiia  kodpduruentoB  [Y]  SKBUBAJICHTHOTO
yeTelpexnomaocHuka II° u I ©X BXOIBI BKIIIOYAKOTCS IOCJIENI0BATEIBHO, a

BBIXOJIbI — MapajuiesibHo. [Ipu cBepTKe cXeMbl UCTOIB3YIOTCS YpaBHEHUS (HOPMBI

R el ]
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rae [ﬂ ]Z[ﬂ ']+[ﬂ "]— Matpunia kod3(gduimeHToB [H| SKBUBAJICHTHOTO Ye-

TBIPCXITOJIFOCHHUKA.
HpI/I napaJuiCJIbHO-IIOCICAOBATCIIBHOM

YEeTBHIPEXMOIOCHUKOB /7' M [1'' UX BXOJIbl BKJIIOUAIOTCS apaJlIeIbHO, @ BHIXO/IbI
nociieoBateabHo. [Ipu cBepTKe cxemMbl UCTIONB3YI0TCA ypaBHEHUs Gopmbl G:

COEIMHEHUHU JIBYX

ll !l' lln Ql Ql
_ =n{rel G'"[b- =G|
{QJ [QHQ} lelder) H = H
[G]=[G']+ [G"] — wMatpuna kodpduuueHtoB [G] IKBHBAICHTHOTO
YETHIPEXMOTIOCHHKA.

11.5 Xapaxkrepucruueckue napamMeTpbl CHMMETPUYHOIO
YeThIPeXIMOJICHUKA

I[JI}I CUMMCTPUYIHOI'O YCTBIPCXIIOJIOCHUKA KOB(b(pI/IHI/IeHT A = Q H CUCTCMa

ypaBHEHU (HOpMbI 4 UMEET BUIL:

[S
Il
I~

I,
I

I_N

[l
RSN
Ibu IQ |Q

+
+
.C=1

N

XapaKkTepUCTUYECKHUM  COINPOTUBJIEHUEM  YETBHIPEXIOIIOCHHUKA Z.

Ha3bIBACTCSl TAaKOE CONPOTUBJIICHHE HArpy3KH Z, =Z., IPH KOTOPOM BXOJHOE
CONPOTHUBIICHUE YETBIPEXITOJIOCHUKA CO CTOPOHBI IMEPBUYHBIX BBIBOJIOB TaKKe

paBHO COIIPOTHUBIICHUIO HAI'PY3KHU:
U, U,

ZC:ZZZ—7 :lel
Z2 =1
YcTaHOBUM CBSI3b MCKAY XapaKTCPUCTUICCKHUM COIIPOTUBJICHHUECM ZC Hh KO-
sddunmenTamu yeteipexnoiocauka A, B, C. Jlnga »Toi 1enu mpeodpazyem

YpaBHCHUA YCThIPCXIIOJIIOCHHKA!

U,=4U, +BI, :Uz(A+Z£J:£2(ﬁZc+§) (1)
C
A
1= 2 2 =Y o |TL &L TA
CU, + Al U(C+Z j 1,(CZ.+4) )
C
Paznenum ypaBuenue (1) Ha ypaBHeHue (2):
ZIZQI :AZC+§:Z
I, CZ.+4 ’

=Z. e e -90° <g. <90°;

OTKyj1a nonydaeMm Z ¢ =
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U . . :
u3 (1) :>U—1=A +Z£:A ++BC =Me”’ =e%eP =’ =ef;

2 C

s (2) jj—le +CZ . =A++BC =e*,
2
rne g = a + jf = In(4 ++/BC ) — nocrosHHas (ko3¢ punrent) nepegauu
4eTHIPEXTIOIIOCHUKA.

BemectBennas gacth kod(d@uimeHTa nepeaadd « MoKa3bIBaeT, Kak
WU3MEHSCTCSI MOJYJIb HaMPsDKEHUS (TOKA) MPH MIEPEeX0/Ie Yepe3 YeTHIPEXIOMIOCHUK,
M09TOMY Ha3bIBAETCS KOI(PPHUIIMEHTOM 3aTyXaHUS:

Gl _, 1]
o= f"m = g"m [Huo]  wm [Hemep] — ocHOBHasi eaMHHUIA
2 2

U3MEPEHUS 3aTyXaHHUs.

3atyxanue B | Hi1 COOTBETCTBYET YMEHBIIEHUIO MOTYJIsl BEIMUUHBI B €
= 2,72 paza. Ha npaxktuke AJisi U3MEPEHHs 3aTyXaHUsS CHUTHAJIOB MPUMEHSIETCA
npyrasi, 6onee ymoOHasi /ISl MPaKTUKA €IWHWIA, a UMEeHHO: | germbenn [ab],
KOTOpasi ONPEAEIISIETCSl COINIACHO YPaBHEHUIO:

1
U _
a:ZOlg‘ 1 [nB] ; 1x5=10% =1,122 pasa.

|

CootHomieHue mexay eauHunamu 3aryxanus: 1Hm = 8,086 nab ; 1nb =
0,115Hm.

Muumas yacth ko3 uimeHTa nepeaadn nNoka3blBaeT, Kak u3MeHsercs daza
HampspKeHus: (TOKa) TpU  MEePexXOo/€ Yepe3 UETHIPEXIOJIIOCHUK, MO3TOMY
HazbIBaeTcs K03 uiiueHTom (dassl:

b=y, —v, =¥y, [pax]
XapakTepUCTUYECKOE CONMPOTHUBIIEHUE Z . U KOo3(PUIIMEHT nepeaadn

g=a+jf Ha3bIBAIOTCSA XapaKTEePUCTUUECKUMHU napaMeTpamMu

YEeTBIPEXMOIIOCHUKA.
Boipazum kO3 PUIIMEHTHI  YETHIPEXIMOJIOCHUKA  4Yepe3  ero

XapaKTEPUCTHUCCKUE TTAPAMETPHI Zcu g.
[IpeoOpazyem ypaBHEHHE CBS3U MEXKIY KOdhPuImeHTamu:

4> —BC =(a+BC |a-BC)=1.

Tak KaK A+ABC =e®, TO CJIEIOBATEIILHO

1 1
A—BC =— -~ _ ¢
A++BC ¢€f

Pemraem COBMECTHO IMOJTy4EHHBIE YPABHEHUS:

A++BC =¢°
A—+BC =¢¢
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e® +e® et —e’*
Ortkypa ciexyer, urto 4 = B = chg , VB-C = s, =shg .

B
VuyureiBasg, uro Z¢=.== = , IMOJIYyYUM  JIJIS
V¢ JB.C yHR A

KOd(pUIIMEHTOB:

B=Z.JB-C=2.shg, C=Y25~Lig.
- Zc Zc
C y4eToM STHX BBIPAKEHHI OCHOBHBIC YPaBHEHUS (POPMBI A MOITydaT
OKOHYATEJILHBIN BUO:

U = QzChg +1, ZCShg

U
— 2
I, =1,chg+—=shg
- Zc
JlanHas (GopMa ypaBHEHHMH YETBHIPEXIONIOCHUKA HCIIOIB3YETCS B
TEOPUH LEMHBIX CXEM U B TEOPHH DIEKTPUIECKUX (PUILTPOB.

11.6 OcHOBHBIE IOHATHUS U ONIPeAeJIeHUs JJTEKTPUIECKUX QUILTPOB

DNeKTpUYECKUM buabTpOM Ha3bIBAETCS YETBHIPEXMOIIOCHHUK,
NpEeIHA3HAYEHHBIA JUIsl BBIIEIEHUS (MPONYCKAaHWs) CUTHAJIOB ONPEIEICHHOU
MOJIOCHl YacTOT. B 3aBUCHMOCTH OT MPOIYCKAa€MOTO CIEKTpa 4YacTOT (UIBTPHI
NOJIPA3/IEISA0T Ha 4 OCHOBHBIX BUA:

1) dunpTpsl HU3KHX yacToT (PHY), mpomyckatomiie CUrHaibl B AUana3oHe
gacToT oT ;=0 10 w»;

2) bunptpbl BbICOKHMX yacToT (PBY), npomyckaromye CUTHaJIbl B
Jrana3oHe 4acToT OT @y JI0 @, =0}

3) nosocoBbie GunbTpel (IID), mpomyckaroiue CUTHAJILI B JIHANa3oHE
4acTOT OT @y 110 @;

4) 3arpaxaaronye Wik pexkeKTopHbie GuibTphl (3D), TPOITyCKAIOIINE CHT-
HaJbl B quana3oHe yactoT oT 0 110 @ U B Auama3oHe 4acToT OT @, 10 Ou He
MPOITYCKAIOIINE CUTHAJBI B IMAMA30HE YACTOT OT @ /10 (.
Koaddunmentom nepenayn HarpspkeHus GUITBTpa Ha3bIBAETCS OTHOILICHUE
KOMIUIEKCHBIX BBIXOJJHOTO HAIPSHKEHUS KO BXOTHOMY:

U U o ;
k()= ~2m _ ~2m e](az @) _ k(w)_e.fco(w)’
le Ulm
U
rne k(®)=—*" noka3bIBaeT, KaK U3MEHIETCS C YaCTOTON AMILIUTY/Ia BBIXOTHOTO

1m

HANPSDKEHWS, W HA3bIBAETCS aMIUTUTYIHO-4acTOTHOW XapakTepucTtukon (AUX)
bunetpa; o w)=(a,—c) TNOKa3bIBaeT, KaK M3MEHSETCa C dYacToTol (paza

BBIXO/JIHOTO HAMNpSDKEHHs, M Ha3biBaeTcs (Pa30-4yaCTOTHOM XapaKTEPHUCTUKOU
(®YX) dpunsTpa.
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Jlnama3oH 4acToT, B KOTOPOM (MIBTP MPOMYCKAET K IPUEMHHUKY CUTHAIIBI
MPaKTUYECKU 0€3 U3MEHEHUs1, HA3bIBAETCS MOJI0CON MPOITYCKAHMS UIIM 30HON
po3pavyHOCTH GuiIbTpa. B mojoce npomyckanus A uaeaibHOro GuibTpa

JOJKHBI yoBeTBopaThes apa yenosus: 1)U, =U, , nputom k(@) =13 2)
¢ W)=—7w, TPU STOM BCE FTAPMOHUKHU CUT'HAJIa OYIyT MMETh OJUHAKOBOE BPEMs
— KWt

sanasapiBanus Af = e —7.1lpu BBINOJHEHUM 3TUX YCIOBUU CUTHAJ HA
K

BbIXO/i€ (pUIBTpa HE U3MEHUTCSL.

OnexTpuueckre GUIbTPHI MOKHO KIACCU(PHUIIUPOBATH:

1) mo Tumy 3JIEMEHTOB, M3 KOTOPBIX OHHM COCTOSIT, Ha a)pEaKTUBHBIE,
COCTOSIIIIME TOJIBKO M3 PEaKTUBHBIX 3eMeHTOB L u C; 0)0e3uHAYKIMOHHBIE,
cocTosiue u3 3eMeHToB R u C; u ap.;

2) mo cmoco0y COoeaMHEHUsI BJIEMEHTOB Mexay coboit Ha T—, II- m
['—o0Opa3Hsie;

3) 1o BHAY YaCTOTHBIX XapaKTEPUCTHUK HA TUMA “k” U THMHa “m”.

OnexTpuueckue GUIBTPHl MIMPOKO MPHUMEHSIOTCS B PaJAUOTEXHUKE, B
TEXHHUKE CBSI3U. B anexkTposHepreTuke QuIbTpbl NPUMEHSIOTCS IS CTIaKUBAHUS
IYyJIbCALUI BBITPSIMIIEHHOTO HAMPSIKEHUSL.

11.7 CumMeTpH4YHbIE peaKTHBHbIE (PUIbTPLI
PeakTuBHBIE PUIBTPHI COCTOST TOJIBKO U3 peaKTUBHBIX 3JieMeHTOB L u C. Cy-

MIECTBYET JIBE MPOCTEHUIINE CUMMETPUYHBIE CXEMBI TaKUX QUIBTPOB: T-o0pa3zHas
nmn T-cxema (pucyHnok 167a) u [1-ob6paznas wim [1-cxema (pucyHok 16706).

1 1
_Z'l' _Z'r
2 - 2 Zn
_|: . I
L L
1 1
Ik IR
P P
a) 6}

Pucynoxk 167

PaccmatpuBast cxembl puiabTpa Kak CXeMbl YETHIPEXITOIIOCHUKA, BBIPA3UM
KO3 GuueHT 4 yepe3 napameTpbl JIEMEHTOB:

Y
A=1+2,Y,=1+ % — st T-00pa3Hoii cXeMbl;

Z.Y
A=1+Y,Z,=1+ % — nus I1-06pa3HOl CXEMBL.
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Cie10BaTeIbHO, He3aBHCHMO OT cxeMsl duaprpa 4 =1+ —_2_ . Tak xak mo

ycIoBHIO Z NY ABIAIOTCA YMCTO MHMMBIMH YHCIAMH, TO UX mpousseaeHue Z Y

SBJISIETCS YHUCTO BEIIECTBEHHBIM, M, CJEJ0BaTENbHO, KOAXQPUIMEHT A Takxke
SIBJISIETCS YMCTO BEIIECTBEHHBIM. PaHee ObI10 moJTy4eHo:

A=chg=ch(a+ jp)=cha-cosf+ jsha-sinff=A4+ jO,

. U
rie g=a+jf=In(4d+B-C = lng—‘ — k02 PUIMEHT nepenaun PUILTPa

=2
KomnuiekcHoe ypaBHEHUE pacnagaeTcs Ha 2 BEIIECTBEHHBIX:
sha-sin f=0
zY
cha-cosﬂ:1+7=A

IlonydeHHas cucrema ypaBHEHUN UMEET 1BA PEILICHUS.

l-e pemenne: a=0; sha=0; cha=]; cosﬁ:1+%=A. 10

pellieHue COOTBETCTBYET IOJOCE NpPOMyCKaHus (UibTpa W CYHIECTBYET NpHU
ycnoBun  ZY <0, 4YTO BO3MOXXHO, €CIM OJHA U3 OTHUX BEIUYMH HOCHT
WHIYKTUBHBIA  XapakTep, a Jpyras - €MKOCTHbIM. Jluama3oH wyacToT,
YIOBJIETBOPSIONINX PELICHUIO, ONIPENIEAETCS COOTHOIIIEHUEM:

ZY
_1§1+7§+1 mwm 0<-2Z2Y <4,

YacToTsl, ONpenessioniie rpaHnLIbl MOJIO0CH MIPOITyCKaHus GuiIbTpa,
HaXOJATCS U3 PELIECHUSI HEPABEHCTBA:
N-2Y=0; 2)-ZY=+4.
XapakTepuCTUYECKOE COMPOTUBIICHUE CXEM MOXKET OBITh BBIPAXKEHO Yepes
napameTpbl JIIEMEHTOB:

2v,2

1+Z-Z+Z = —1
4

B 7 7Y
Z - |= = - | =. 1+:: w) — _ .
Zcr C Xz Y 4 f (@) — s T-cxembr;
Z
B 72 Y
Zep = ?: _ZzYz = }-Y :f(a))—ILHHH—CXGMLI.
- 1+Z-Z+—4— -1 1+T

B monoce mpomyckaHus XapaKTEpUCTHUECKOE COMPOTHBICHUE (PHIBTpa
SBJIIETCS. YMCTO aKTUBHBIM, HO 3aBUCUT OT YaCTOThl. DTO O3HAYAET, UTO (QUIILTP HE
MOKET MMETh OJIMHAKOBBIM KOA(Q(UIMEHT Nepesadyu Ui BCEX 4YacTOT IMOJIOCHI
IPOIYyCKaHUs, €CIIM CONIPOTUBJIEHUE TPUEMHHMKA OCTAETCS IOCTOSIHHBIM.
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. ZY
2-¢  pemenne: SIP=0; cosf=-1; cha= —(1 +7) ==4. 910

pemICHUC COOTBCTCTBYCT IIOJIOCC 3aJICPKUBAHUS, TAK KAK 31C€Ch o > 0. FpaHI/II_II)I
ATOM MOJIOCHI OIpCACIIAOTCA U3 YCIIOBHAL

Y
IS“_TSOO um 4<-/Y <,

qaCTOTBI, ONpCACIAIOINNC I'PAHUIIBI ITOJIOCHI 3aICPKUBAHUS (I)I/IJIBTpa,
HaxoOATCa N3 PCIICHUSA HCPpAaBCHCTBA.!

H—-ZY=4; 2)-ZYV=w.
XapakTepucTHIECKOE COMPOTUBIICHHE (HUIIBTPA B MOJIOCE 3a€PKUBAHKS
HOCHT PEAKTUBHBIN XapaKTep ¥ 3aBUCHUT OT YaCTOTHL.

11.8 ®UabTPHI HUKHUX YACTOT THIIA K

[Tpocreitmue T- u [1-cxeMbl PUABTPOB HUKHUX YACTOT TUIIA K
pUBEJEHBI Ha pUcyHke 168a,0:

1/2 1f2 L
LYY LYY Y
I — iz — 2
AIT-cxema 6)M-cxema

Pucynox 168

Jlns obenx cxeM:

Z=joL;, Y=joC;, k= éz ﬂ:\/zzconst_
Y joC C

I'paHnYHBIE YAaCTOTHI 11 IOJOCHI IPOITYCKAHMSI ONPEACIIAIOTCS U3
YCIJIOBHSL:

b

0
—Z-I_’:ja)L-ja)C:a)zLC:{

2
= ﬁ = 0, . DUnbTp HA3KOU YACTOTHI

IPOITyCKaeT CUTHAJBI B JMana3one 4actoT oT @, =0 10 o, .

orkyna cnexyer @ =0; @,

Xapakrepuctuyeckoe conpoTtusieHue ais T- u [1-o0pa3HbIx cxem:
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L

_ cC ____k
Zer = 2 B 2 .
o LC @
l——— 1-—
4 ,
g koaddunmenTa Ga3pl B MOJIOCE MPOMYCKAHUS PEIICHUE UMEET BU/I:
ZY o’L ’
J = arccos A =arccos| 1+=— |=arccos| | -———— |=arccos| | -2—
2 2 @,

3aBUCUMOCTD XapaKTEPUCTHUECKUX IMAPaMETPOB (QUIHTPOB OT YaCTOTHI
nokaszaHa Ha pucyHke 169a, 6.

- 7.

2=

a) 6)
Pucynox 169

B monoce mporyckanusi XapaKTepUCTHIECKOE COMPOTUBIICHHUE IS 00erX
CXEM 3aBUCHUT OT YaCTOTHI, TO3TOMY JUIsl HOPMAJIBHON paboThl puibTpa Tpedyercs
COTJIAaCOBAHUE COMPOTUBJICHUS HATPY3KH C (PHIBTPOM BO BCEM AMANA30HE YaCTOT.

11.9 ®uiabTpbl BEPXHUX YaCTOT THIIA K.

[Tpocreitmme T- u [1-cxeMbl QUIBTPOB BEPXHUX YACTOT TUTIA K IPUBEICHBI HA
pucysnke 170a,6:

2L 2L

alT-cxema 6)MN-cxema

Pucynox 170
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Jlns 00enx cxeM:

Z=L; }_’=L; k=
joC joL

rpaHHqHBIe YAaCTOTBI AJIA ITOJIOCHI IIPOITYCKAHHA OIIPCACIIAOTCA U3
YCIIOBUA:

1 1 0

~Z-.Y= - -
joL-joC o LC |4

2
OTKyZa CICAyeT W, = ﬁ =®,; @, =0 OUIbTP BBICOKOI YAaCTOTHI IIPOITyC-

KaeT CUTHaJbI B IMAIIA30HE YacCTOT OT @) = W, 10 ©.
Xapakrepuctuiyeckoe conpoTtunienue 1 T- u [1-o0pa3Hbix cxem:

1 w >
d0°LC a)2
g koaddunmenTa Ga3pl B MOJIOCE MPOMYCKAHUS PEILICHUE UMEET BU/I:
2

[ =arccos 4 = arccos(l +¥J = arccos(l —%) =arccos| 1— 2(0—02 )
2 20°LC 0]

3aBUCUMOCTD XapaKTEPUCTUUYECKUX MApaMETPOB (GUIBTPOB OT YACTOTHI
noka3aHa Ha pucynke 171a,6:

e

_| [
i
)
I
3 i rn
_| o .
K F
7
— J’
. Ler
2 & o &
o = | I oy

a) 6)
Pucynoxk 171

B monoce mporyckanusi XapaKTepUCTHIECKOE COMPOTUBIICHHUE IS 00emX

CXEM 3aBUCHUT OT YacTOThI, TO3TOMY JIJIsl HOpMaJIbHON paboThl PuiibTpa Tpedyercs
COIJIaCOBAHUE COIPOTHUBIIEHHSI HArpy3Ku ¢ (PUIBTPOM BO BCEM AMAIIA30HE YaCTOT.
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11.10 ITostocoBBIE PUIABLTPBI

[Tpocretimue T- u [1-cxeMbl T0JIOCOBBIX (PUIBTPOB MPUBEICHBI HA PUCYHKE
172 u pucynke 173:
[TapameTpbl 21eMEHTOB PUIIbTPA JOJKHBI YAOBIECTBOPSATH YCIOBUSAM: MPU

3a1aHHOM YacToTe @, MPOJOJbHOE COMPOTHBIeHHE Z = j@WoL — j - 0
0
(pe3oHAHC HANIPSHKEHMHT) 1 HomepedHas nposogumocts ¥ = j@&,C — j 1 0
0
(pe30HAHC TOKOB), OTKY/IA CJIE/IyeT:
L E— Lo -nc,, w=Sol
" JLc,  JLc, TR TR e e
L2 26 2C, 1,/2
— |
12 —
Pucynok 172
L
— AU, =GN

Pucynox 173

O060011eHHBIE TapaMETPhI JIEMEHTOB JIJISI 00EUX CXEM:

1 L 1 L 0 o
Z=iol-i—=7 |- o.JLC ———— |= ] L. | — 20
£=J JcoC J\/Cl [ W quj / C [a)o wj

ol L, o\JL,C, L \o, o

VYpaBHeHue, onpeaensIonee IpaHulibl MOJOCH MPOITYCKAHUS QUIbTPA:
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2

Mpu —Z - Y = 0 pemennem 31oro ypapHeHus ABIACTCA NPUHATAS paHEe

4acToTa .
L 1
[Tpu —Z-Y =4 ¢ yderom, 4To = I = 2 » TIOJly4UM DEIllIeHHe B
2
BUJIC:
l [0 o
0 2
— | =4 HJIu w2i2nwow—a)0 =0.

n \ow,
OTtOpacsiBast OTpULIaTEIbHbIE KOPHU YPaBHEHUS, KaK HE UMEIOIINE
(U3UYECKOTO CMBICIIA, TOTYUYUM 3HAaYCHHS TPAHUYHBIX 4aCTOT:

2
, :a)o(\/n2 +1 —n) u o, = a)o(\/n +1+ n)

Taxum oOpa3oM, GUIBTP MIPOMYCKAET CUTHAJIBI B AMANIA30HE YaCTOT OT (O,
10 @, . PesoHaHCHas yacToTa @) ABIISETCSA IPOMEXKYTOYHOU U paBHA

CPEIHEr€OMETPUIECKOMY 3HAYCHUIO W3 MPAHUYHBIX YACTOT: @) = /@@, .

@
XapakTepuctrka 3atyxanus & = f| — | u (a3oBas XxapakTepucTUKa
0)0

B= f(ﬁJ MoKa3aHbl Ha pucyHke 174 a, 0.

@y

a) 6)
Pucynox 174

11.11. 3arpaxknaromue GuiabLTPHI

[Tpocretimue T- u [1-cxembl 3arpaxaaromux GUIBTPOB MPUBEACHBI HA
pucyHok 175 u pucynok 176.

YcnoBue PC30HAHCA Ha SaI[aHHOﬁ 4acToTe A :
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W, = L ! LC =LC E_Q_L
0 \/ LC, \/ LC, ' orkyna cienyer: L,C, =L,C, umm L C PER
1,42 1.f2
YT Ty YWY T
| |
2¢, I, 2Ly
TC?
Pucynox 175
I
Y TY T
|
21, = 21,
—’—Ca.-"Z —I—C:-.i" 2
Pucynoxk 176
O0600111eHHBIE TapaMETPhI JIEMEHTOB JIJIT 00EUX CXEM:
; i C 1 . o0 0, |’
JjoC, ja)L jlt @ LC ———— J Ll .[_0)
! L, w+L,C, 1 \ Wy @
¥ o 1 _ 1 - 1

1 - .
. . L 1 . |L NN 0)
JoL, —j |t _ 2 el (N

2 a)Cz J C2 (a) chz o chz J J Cz (a)o ® J

VYpaBHeHue, onpeaensIonee IpaHulibl MOJOCH MPOITYCKAHUS QUIbTPA:

1 0
—Z.Z: - =
G L (o o) @
L C, \ow, o

IIpu — Z - Y = 0 pemenneM 3toro ypapHenus spisercs @ =0 u @" =,
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2
, IOJIyYUM pEILICHUE B

BUJIE:
— | == 1=4 2 4 2 _
2 =4um o *2no,0-w, =0,
n \o, o

Ot0OpacbiBasg OTpUIIATENIbHBIE KOPHU YypaBHEHHs, Kak HE HMEIOLue
(bU3MYECKOro CMbICTA, MOTYYUM 3HAYEHHS TPAHUYHBIX YaCTOT:

o, = a)o(\/n2 +1 —n) U o, = a)o(\/n2 +1 +n),
Takum 00pazom, GUIBTP MPOIMYCKAET CHTHAJBI B JHMAMa30HAX 4YacTOT OT
!/
w =0 a0 Wy u oT W, 10 (0"=OO, a B B Juaria3oHe 4acTtoT oT @; 1o @,

CUTHAJIbI 3aJICPKUBAIOTCA. Pe3onancHas yactora W, ABJIACTCA HpOM@)KYTO‘IHOfI )41

paBHA CPETHETEOMETPUICCKOMY 3HAYCHHUIO U3 TPAHUYHBIX YACTOT: B =/ W0, .

@
XapakTepucTuka 3atyxanus & = A o | ¢dazoBas xapakTepuCcTHKa
0

@
=1 > ¢bunpTpa mokazaHel Ha pucyHke 177a, 0.
0

3 Lo
2

a) 6)
Pucynoxk 177

12 DuyieKTpU4YecKHe Henu ¢ pacnpeaeJleHHBIMH IapaMeTpaMu
12.1 O0mue onpenejieHust
ITapameTpsl 3EKTPUYECKUX LIENIEH B TOW WJIM MHOW MEPE BCETJa pacipese-
JIEHBI BJOJIb JJIMHBI OT/IEIbHBIX YYAaCTKOB. B OONBIIMHCTBE MIPAKTUUECKUX CIIy4acB
pacnpeeeHreM IapaMeTpoB B/I0JIb JUIMHBI IPEHEOPETatoT U NPEACTABIIAIOT dJIEK-
TPUYECKYIO0 LE€Nb SKBUBAJICHTHOM CXEMOM € COCPEJOTOYECHHBIMH CXEMHBIMH

snmeMeHTamMu R, L u C.
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OpnHako cymiecTByeT OONBIION KJIacC 3JICKTPUUYECKUX EMeH, A KOTOPhIX
peHeOpexeHne pacipeieICHEM MapaMeTpOB BIIOJIb JJIMHBI IPUBOAUT K CYIIECT-
BEHHBIM MOTPEIIHOCTSAM MPHU UX PACYETE U CTAHOBUTCS HETIPUEMIIEMBIM.

N3  kypca  Qu3MKM  U3BECTHO, YTO  DJEKTPOMArHUTHOE  MOJIe
pacmpocTpaHsieTcs BAOJb 3JEKTPUYECKON 1LIeNU HE MIHOBEHHO, a C KOHEYHOM

CKOpPOCTBIO 0, IPOXOJs BCIO JUIMHY Lienu [ 3a Bpemst At = ; Ecmu 3a Bpems At

pPEXKUMHBIE TMapamMeTpbl B Uenu (u, i) U3MEHSAIOTCA HE3HAYUTENIbHO U JTHM
U3MEHEHHEM MOXKHO TmpeHeOpeyb, TO [N TakoM 1enu mpeHeOperarot
pacnpesneseHueM IapaMeTpoB BIOJb JUIMHBI M 3aMEIIAIOT €€ CXEMOW ¢
COCPEIOTOYEHHBIMU 3JIeMeHTaMH. Eciau 3a Bpems Af peXHMMHBIE NapaMeTpbl B
nenu (u, I) HU3MEHSIOTCS Ha 3aMETHYI0 BEJIWYUHY, KOTOPYH HEO0O0XOIUMO
YUUTBIBaTh B pacyere, TO TaKW€ LIEMH CUUTAIOTCS C paclpeleeHHbIMHU Tapa-
METpaMu U pacueT MX MPOBOAUTCS YK€ C ydeTaM paclpesefieHus NMapameTpoB
BJI0JIb UX JJIMHBI.

Ipumep 1. Bo3aymnas nuHus 3nekTpornepenayn anuHon [ = 50 km

1
paboraer Ha uacrore f = 50 ', ckopocts BosHbl 0=300000 km/c, T = —

f b
Y
_Z _ 1 _ 360 .
ﬂ_f_ 6000kM, Ar=—=2-10""c, Aa)t:T-At:3,6 . Taxkum o6pazom,
1%
¢da30BbIil COBUT A BOJIH HANpsDKEHHWS W TOKAa BHAYale M B KOHIE JIMHUU
COCTaBJIIET BCEro 3,6°, 4eM MOXHO NpeHeOpedh W CYMTATh TAaKyl0 JMHHUIO Kak
LENb COCPEIOTOYCHHBIMU TApaMeTPaMH.
Ilpumep 2. Jlunusa snexrponepenaun mmHou /=500 xm: f = 50 TI'h,

v=300000 xm/c, At = Loa0- c, Aot = %-At =36".
D

®a30BBIN CABUT /AJIS1 BOJH HANpPSOKEHUS M TOKAa B Hadalle U KOHIE JMHUH CO-
craBiseT 36°, pacuer pexuMa B TakOW JIMHMM 0e€3 ydera pacrpeieicHus
napaMeTpoB MO JUIMHE MPUBEN Obl K CYIIECTBEHHBIM OLIMOKAM, IMO3TOMY TaKylO
JMHUIO CJIEYeT CUYUTATh KaK LEeMb C paclpeleIeHHbIMU ITapaMeTpaMH.

Ipumep 3. CoenuHUTENbHBIN Kabelb OT KOMHATHON aHTEHHBI 10 BXOJHOTO
THE3/la TEJIEBU30pa HMMeEET AJHUHY /=2 M, TEJIeBU3HMOHHBIA KaHal paboTaeT Ha

1 ) _v_
qactore =150 MTIm, 0=200000 xwm/c, T =7=6,67 107, A =T w

ar=L21010" ¢ awr =2 A~ s40° |

v T

BbIBOA: COeNMHUTENBHBIN Kabeah CIIEAyeT pacCMaTpuBaTh KakK MENb C
pacupeaciICHHbIMUA IIapaMCTpaMu.

[Ipy CHHYCOMTAILHOM PEKHME IIEMH KPUTEPUEM HEOOXOAMMOCTH ydeTa

pacrpefiesieHuss apaMeTpoB MO JUIMHE MOXKET CIYKHUTh COOTHOIIEHUE MEXITY
JUTAHOM JuHuK [ v jutnHOM BonHbl A .Ecmu << A .10 nemb paccMaTpUBaeTCs Kak ¢
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[ 50

COCPEIOTOUYEHHBIMU MTapaMeTpaMu (B mpumepe 1: 176000 0,0083), ecnu [ n

ﬂ« COM3MCPHMBI, TO MNCIIb pacCMATpUBACTCA KaK C pPaclnpcACICHHbBIMU
21—5_00—()083 31:1:16

napamerpami (B mpumepe 2: 7 " s000 V83, B mpumepe 31 ~ 3 ).

K menu c pacnpeneneHHbIMH MapaMeTpaMyd OTHOCSITCS BCE JIMHU CBSI3H,
JIMHUHU dJIeKTporiepenaydu JmuHou >100 kM.

OmgHu u Te XKe OJJEeKTPUYECKHE LEeNd B 3aBUCUMOCTH OT (DOpPMBI
BO3/ICIICTBYIOILIETO HampsDKEHUST B OAHUX  CIydasX MPUHUMAIOTCS C
pacrpeneleHHbIMU TapaMeTpaMu, a B JPYTMX — C  COCPEAOTOUYEHHBIMU
napameTpamu. Hampumep, oOMOTKM CHIJIOBBIX TpaHC(hHOpPMATOPOB MpPU pacyueTe
YCTAaHOBUBLIUXCSI PEKMMOB B HUX Ha 4dactoTe f=50 'l cumTarorcs LENSIMH C
COCPEIOTOYEHHBIMHU TapaMeTpamMu, HO MpPH pacdeTre MEepeXOJHbIX IPOIIECCOB,
BO3HMKAIOIIMX B pe3yJibTaTe KOMMYyTallMd WM aTMOC(EpHBIX pa3psIoB Te Ke
O0OMOTKH CUMTAIOTCS LIETSIMU C pacTpe/IeICHHBIMU ITapaMeTpamHu.

Ecnu nmapametpsl 1ienu pacrnpeneieHbl paBHOMEPHO IO €€ JJIMHE, TO LIEMb
HAa3bIBACTCS, OJHOPOJHOW, €CIIM HEPAaBHOMEPHO — TO HEOJHOPOJHOW. B Kypce
TOD paccmaTpuBarOTCSA TOIBKO OJHOPOHBIE EMH.

12.2 InddepeHunajbHble YpaBHEHHS LENH ¢ pacipeleleHHbIMH
napaMeTrpaMu

PaccMoTpyuM  IBYXIIPOBOJIHYKO  OJIHOPOJHYIO  JIMHMIO,  (PU3MUYECKHE
napameTpbl KOTOPOH paBHOMEPHO pACIIPEIEIICHBI IO €€ JITTUHE:

Ro— dAKTUBHOC COIIPOTUBJICHUC IIapbl IIPOBOJOB Ha CAWMHHUIY JJIWMHbI

[ 11
[Om/M], ompenensieTcs 1O HW3BECTHOU ¢opmyie R:p_:;._, 3aBUCUT OT
s s

matepuaia nposojia (y ) u ot ee Temneparypsl R = Ry(1+at);

Ly — WHIYKTMBHOCTB maphbl MPOBOAOB HA €IMHMILY JUIMHBI JUHUK [['H/M],

¥
omnpezenseTcss Kak OTHOIICHHE MOTOKOCHEIUICHHS K TOKY (Lo =), sABIsACTCA
i

OTOOpaXKEHHMEM MAarHUTHOTO MOJSl JIMHUM B €€ CXEME 3aMEUIeHUs, 3aBUCUT OT
MAarHUTHBIX XapaKTEPUCTUK CPEJIbI (1) U TEOMETPUUECKUX Pa3MEPOB JIMHUH;

G() — AaKTHBHasA IIPOBOAMMOCTb MCKAY HPOBOAAMHM Ha CIAWHUIYY JIMHBI

auHun  [Cm/M], sBIsieTCA CIIEICTBUEM HECOBEPILEHCTBA M3OJISIIUU  MEXKITY
IIPOBOJIAMHU, 3aBUCUT OT JIEKTPUUECKHUX MMApaMETPOB Cpeibl () U TEOMETPUUECKUX
pa3MepoB JIMHUY;

Cy,— emkoctb MEXIy MPOBOJAMH Ha EIUHUILY JUIMHBI JuHUH [D/Mm],

9
OIpefensercs Kak OTHoIleHWe 3apsaga K Hanpsokenuro( G :U)’ SIBJIICTCS
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O0TOOpaKEHUEM JJIEKTPUUYECKOIrO MOJI JIMHUKM B €€ CXEME 3aMEUIEHUs, 3aBUCUT OT
ANEKTPUUECKUX XaPaKTEPUCTHK CPEAbl (£) U TEOMETPUUYECKUX PA3MEPOB JIMHUU.
YaenbHble TapaMeTpbl JuHUH R, L,, G,, C, 3aBUCAT OT (PHU3UUECKHX

napaMeTpOB CaMHX MPOBOJOB M OKPYKAIOUIMHA MX CPe/bl, TO3TOMY OHU MOJIYYUIIN
Ha3BaHUE (PU3MUYECKUX WM IEPBUYHBIX.

PaznenuM BCIO JIMHUIO Ha 3J€MEHTapHbIe YYacTKH JUTMHOM dX U pacCMOTpUM
OJIMH M3 TaKUX YYaCTKOB, HAXOJIIIMHCS HA PACCTOSIHUM X OT Hayaja JIMHUH.
Cxema 3amelnieHusi ydactka Oyner umerb Buj (pucyHok 178).3mech u u i —
HanpsDKeHWEe M TOK B Hayaje paccMaTpuBaeMoro ydactka. B koHue ydwacTka

ou . O
HAIIPSKEHUE U TOK MOJYYaroT HPUpPaICHUS: Au = a dx y Ai = adx .
j Rndx I_de H'(EI ET)C{"IT
" —= " rﬁ " —
Gyt —Godx Gpdx| |Cudx ——y+(Cu/ Cx)dx
X dx dx

Pucynoxk 178

@OyHKIMM HANpPsOKEHUST U ToKa ( u, i ) 3aBUCIT OT ABYX IApaMeTpoB f U X,
OHM U3MEHSAIOTCSI B IIPOCTPAHCTBE U BO BPEMEHH, MO3TOMY AU((epeHIInaIbHbIE
YPAaBHEHMUS ISl CXEMBI 3aMEILEHMS CIEAYET COCTABIIATh B YACTHBIX IIPOU3BOJHBIX.
YpasHenue mo 2-my 3akony Kupxroda mist konTypa:

Oi ou
—u+Rydx-i+Ldx—+u+—dx=0
Ot ox
TTocie ynpoIeHust Moy dnMm:

ou ol
M i &
P P O

ITo 3akony Oma u 1-my 3akony Kupxroda:
ou 0 ou ou
di = (u+—dx)G,dx+ Cydx— (u +—dx) =uGydx + Cydx—
ox ot ox ot
B npuBegeHHOM BbIpa)K€HUU MpeHeOperaeM cliaraeMbIMU BTOPOTO TOpsIKa

MAJIOCTH, conepkammmu d X .
[To 1-my 3akony Kupxroda mis y3na:

. O . Ol ou
i=i+— -dx+di=i+— -dx+uGydx+C, - dx—
Ox OX ot

[Tociie ynpomeHus moayamum:
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Ol ou
_azGOu—eroa (2).

VYpaBuenus (1) u (2) ABAAIOTCS OCHOBHBIMU U] epeHIInaIbHBIMU YpaBHE-
HUSMH JBYXIPOBOJHOW JIMHUHM C PACTIpEeICHHBIMH IapaMeTpamMu, KOTOpPbIe
WCIIOJIB3YIOTCSl JIJISI pacueTa Kak MepPeXOTHOTO, TaK U YCTAHOBHBIIETOCS PEKHUMA
JIUHUH.

12. 3 PemieHue ypaBHeHUH JJUHUM C pacnpeae/ieHHbIMU IapaMeTPaMH B
YCTAHOBUBILIEMCACHHYCOMAATBHOM peKuMe

HYCTI) HaIps’KCHUEC U TOK B JIMHUHU C paClIpCACICHHBIMHA ITapaMETpaMu
HU3MCHAIOTCA 110 CMHYCONJAaJIbHOMY 3aKOHY:

u=U,_ sin(wt+y, )< U=Ue’"
i=1, sin(wt+y,) [=1"""
3ameHuM B AU(QEPEHIMANLHBIX YPABHEHUAX JHHUUA CHHYCOHMIAJIbHbIE

ou oi
byaknun u(f) u i(t) ¥ WX TPOU3BOAHBIE . U

o U oot

COOTBCTCTBYIOIINMHA

) ou , Ol .
KOMILTEKCHbIME n3o0paxenmsimu U(H) =>U | i(t) =1, o = joU 5 = jol .

dU
_d_;:Rol+ijol:(R0+ja)L0)£=Zol (1)
dl . :

—— - =GUHjeGU=(Gy+joC )U=Y,U 2)

B ypaBuenwusx (1) u (2) npunsaTsl o6o3uauenus: Z, = R, + jwL,— xom-
IUIEKCHOE COMPOTHUBIICHUE JIMHUK Ha eMUHUIY JUInHBI [OM /M], Y, = G + joC| -

KOMIUTIEKCHAsI POBOIUMOCTD JIMHUH Ha €AMHUILY JUTHHBI [CM /M].
Huddepennupyem ypaBHeHue (2) mo nepeMeHHON x U JiejlaeM B HETO
noAcTaHoBKy u3 (1):

d*U dl
- dxz_ = Zod_x_ =Z2,-Y,U)=-2,Y,-U wm
d*U
dxz_ - £0Z0 Q = (3)

Pemaem muddepennuansioe ypaBHeHue 2-ro mopsjaka (3) KiacCuuecKuM
METOJIOM. XapaKTEPUCTUISCKOE YPaBHEHUE U €T0 KOPHHU:

k'’ —ZyY =0 ,otxyna k, =—~/Z Y, =-y , k, =+

NLZo Y, =+y.

Pemenwue 1y1st uickoMoil pyHKIMH B 00111EM BUJIE:
Ux)=A4e™ + 4,e”,
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e ) = NZo Yy = (R +jol)G, +jaC,)) =a+ji— Gespasmepnas
KOMIUIEKCHAs ~ BeIMYMHA,  HasBaHHas  Kod(pduuueHToM  (IMOCTOSHHO)

pacpoCTpaHCHU, Al ) Az — KOMIUICKCHBIC IIOCTOAHHBIC HWHTCIPHPOBAHUS,

KOTOPBIE ONPENEISAIOTCS 4Yepe3 TIpaHUYHbIE YCIOBUA, T. €. 4Yepe3 3HaueHUs
uckoMbix (yukmuii U(x), I(x) B 3aJaHHOW TOYKE JMHWHW, HAPUMEp B €€ Hadale
(x=0) unu B ee koH1e (x=/).

N3 ypaBHeHus (1) Haxonum:

1 dI 1
I(x)=—- = =— —vAe” +vA,e") =
1(x) 7, dx Zo( VA yA4,e”)
= A(Ale'”‘ —4,e") = L(Ale"“ —A4,e”™)
Z,Y, o Z. N
S| :Jzo :\/RmcoLo _Z.em

roie £ . — BOJIHOBOE WJIM XapaKTePH-
A \ Z,Y, Y, Go + ]a)Co P P

CTUYECKOE COMPOTHBIICHHUE JINHUU.
Takum obpazom, pemieHus A1t iCKOMbIX GyHKiui U(x) u [(x) UMEIOT BU:

U(x)=A4,e”™ + 4,e”, 4)
1
L(X)ZZ—(A&_” —4,e™) . (5)

=c
BomnnoBoe COIIPOTUBJICHUEC ;C N TIIOCTOAHHAA PpacClpOCTPaHCHUSA K

MOJIYYHJIM Ha3BaHUE BTOPUYHBIX [TapaMeTPOB JIMHUU.
BblpazuM MOCTOSIHHbIE HWHTEIPUPOBAaHUS A, U A, 4Yepe3 TIpaHUYHbIE

ycioBusi Havana juHud. [lpu  x=0 U(x)=U,, I(x)=1,, TOACTaBUM O3THU
3Ha4YeHus B ypaBHeHUs (4) u (5):
U =4,+4,

1
I, = (4,-4,)
Zc
CoBMecTHOE pelieHre 3TUX YPABHEHHM TTO3BOJISET ONMPEIETUTh MOCTOSIHHbBIC
1
MHTETPUPOBAHUSA: 4, :E(Q1 +1,Z.), 4, = ;_((Ll -1,Z.).

[ToncTaBuM TOJNYyYEHHbIE 3HAYEHUS IOCTOSIHHBIX WHTETPUPOBAHUS B
perieHus a1 uCKOMbIX QpyHkiui (4) u (5):

U (x) = ;—@1 V1L Zo)e " 4 %(Ql L1, Z)e" =

s - wo_ -
“U, S L2 ) = Usehn - L Zesh

1 . 1
I(x) = Z—{E(gl +1,Z.)e”™ + E(Ql - Llc)e”‘} =
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» - 7 —x
:_Ql'e te +L1€ — :Llchﬂ_gs}”/x
Z. 2 2 Z.
[Tony4yeHHble ypaBHEHHMS HCIOJB3YIOTCS [PU  pacyerax Iened ¢
pacupeacJICHHbIMUA IMapaMCTpaMi B YCTAHOBUBHICMCA CHHYCONIAJIBHOM PCIKHUME.
Ecin nipuHsith X=/ ,TO MOJyYUM 3HAUCHUS [TApAMETPOB PEKMMa B KOHIIE JIH-

HUM:

U,=Uchyl =1, Z shyt

U
I, =1,chyl —="-shyt
Zc
BrIpa3zum MoCTOSIHHBIE MHTETPUPOBAHUS Yepe3 TPAaHUYHBIE YCIOBUS KOHIIA
auHuu. JIJisi 9TOM 1eNM B TOJNYYEHHBIX paHee pemieHusx (4) u (5) 3ameHUM
nepeMeHHble X Ha [—)y u3 ycnoBus x=[-y, rae | — JjuHa BCeH JUHUU, & ) —
paccTosTHUE OT KOHIIA JIMHUH JI0 PACCMATPUBACMOM TOUKH:

(_f(y)=41€ (=) +1_42€7(f—y) =1_41€ ’. _|_1_42€% e :Ale-%ew _Aze%e—iy :1_43615’ _1_446—}5’

I(y)= ZL(A@_}/(Z_y) - Aze}/([-“) = ZL(AW%eW _ﬁzeﬂeiw) = ZL(AseW —A.e”)

= —c —cC

-7l (
Bmece A, =Ae”, A, = A,e” — ecTb HEKOTOPbIC HOBBIC TOCTOSTHHBIC

MHTErpUPOBAHUS.
Ipu y=0 Uy)=U, , I(y)=1, noxcraBuM 5TH 3HauyeHHs B
HaliJIeHHbIE YpaBHEHUS], TOTyUUM:

Q2:A3+A4

1
Lz = 7 (43 - 44)
L c
CoBMecTHOE pelIeHre ITUX YPAaBHEHU MO3BOISIET ONPEACIIUTD
ITIOCTOSAHHBIC I/IHTerI/IpOBaHI/IHZ

1 1
43 = E(Qz + Lzlc) s 44 = E(Qz _Lzzc)

HOI[CTEIBJ'I?ICM S3HAYCHHUC IMOCTOSAHHBIX B PCIICHUC IJII HCKOMBIX q)YHKHHﬁ:

1 1
Q(y) = E(Qz + Lzlc)ew + z(gz - Lzéc)e_yy =

7w -7 W -
U, S L2 = Uy + L Zoshy
1 (1 L1 .
I(y)= Z. E(Qz +1,Z.)e” - E([Lz -1,Z.)e =
e” +e " U e” —e " U
=1 + =2 = I .ch v + =2 gh
1, > ;c > 1,chyy ;C vy
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[lomy4yeHHbple ypaBHEHHsS MCHOJB3YIOTCS TpH  pacyere uened ¢
pacIpeIeIEHHBIMU [TAPAMETPAMU B YCTAHOBUBLIEMCS CHHYCOUIAJIBHOM PEKUME.

Ecnu npunsts y=/ , TO oJy4uM 3HAYEHHUE MapaMeTPOB PEKUMA B HaUaje
JIMHUH:

U, =U,chyl+1,Z:shyl

I, =chh71+%—zsh7/l

ENe

12.4 BoyiHOBBIE MPOLECCHI B JIMHUM € pacnpeaejeHHbIMHA
napaMeTpamMu.

Panee Ob11n IMOJYYCHBI PCIICHUWA OJIS HAIIPSAXKCHUA U TOKA B
YCTAaHOBHUBIIEMCA PCIKUME!

U(x)=4e” + 4,e",

I(x) = ZL(A@% — A,e™) .

Y‘II/ITBIBa}I, qyTO ITOCTOAHHBIC HHTCTPUPOBAHUA nu KOB(l)(bI/IHI/IeHT
pacupoCTpaHCHUA ABJIAKOTCA KOMIINICKCHBIMHA HHUCJIaMU ( 4 L — a.e s )
J¥a

A4, =a,e’” |y =a+ jf)npeobpasyem ypaBuerue mis U(x):

Q(x) — alej‘/ﬁe—(OHJﬂ)x + azejll/ze(OHJﬂ)x —

— ale—axej(—ﬁx'“//l) + azeaxej(ﬂx""//z).

[lepeiineM OT KOMILIEKCHOTO U300pakeHHsI (PYHKIIMH K €€ OPUTHHAIY, T.€. K
ee QyHKIIMHU BpEMEHHU:

u(x,t)= «/Eale'“’“ sin(a¥ — fx+y,) + x/Eaze”“ sin(ax + fx+y,) =

=U,,(x)-sin@x — e +y,) +U, (x)-sin(@x+ fc+y,)=u,(x,1)+u,(x,1).
OyHKIUSA U(X,1) COCTOUT U3 JIBYX CIAraeéMbIX, IEPBOE U3 KOTOPHIX MPEACTAB-
JsieT coO0M MpAMYIO WIIM TAJAIOIIyI0 BOJHY U,(X,f), a BTOpoe — OOpaTHYI0 WIH
OTPAXEHHYIO BOJIHY U,(X,?). I[Ipoananu3upyem, Kak U3MEHSETCs Kaxk/ias U3 BOJH B
IIPOCTPAHCTBE U BO BPEMEHHU.

[Taparomas BOJIHA HaIPSHKCHUS paBHa:
u, (x,t)=~2ae” sin(wt - fx+y,).
B NpoM3BONBHOM TOUKE JIMHUU X = X' = Const HalpsKEHHE U3MEHIETCS

110 CUHYCOMJAIIbHOMY 3aKOHY C ITOCTOSIHHOW aMIUIMTYIOM:
- / . .
u, (x',t)y=~2a,e™ -sin(wt— px'+y,)=U] sin(wt+y'),
rne U =+2ae™™ =const |, w' =y, — fBx'.
B  npousBONBHO  BBHIODAaHHBIA MOMEHT BpeMeHH | = t' = const

HaAIlPpAKCHUC BIOOJIb JIMHUKU HU3MCHACTCA II0 CHHYCOUMAAJIBHOMY 3dKOHY, HO C
3aTyXaHUEM aMIUJIMTY bl C YBCIIMYCHUCM PACCTOSAHUS X!
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u, (x,t") = ﬁale'“" sin(ot'— px+yw)=U, (x)-sin(—fx+y"),
e U, (x) = \/?ale"” L=y +ol.

Koaddumuent f moxaspiBaer, kak wm3MeHseTcs (pasa mamaromieil BOJHBI
HANpsOKEHUS. Ha €IMHUILY JUIMHBI JIMHUAW [paa/M]| U Ha3bIBaeTcsl KOA(P(UIIUEHTOM
da3ebl.

JITMHOM BOJHBI A Ha3bIBAETCS PACCTOSHUE AX MEXIY ABYMS O KalIIMMu
TOYKaMHU JIMHUM, KOTOPBIE HAXOASTCS B OAMHAKOBOM (ha30BOM COCTOSIHUH, T.€.
4yepes UHTepBal 27:

2r
SAx = pA =2rx, OTKyIa ClenyeT A= 7

C TeyeHMEeM BpEMEHU CHUHYCOMJAIBHOE PpACIPEACICHUE HANPSKEHUS
nepeMeniaercss BAoJb JUHUHU. [log CKOPOCTBIO pacrpoCTpaHEHHUs BOJHBI HIIU
$a3oBOl  CKOPOCTBIO TMOHHMMAIOT CKOPOCTh MEpEeMEIIeHUs BAOJIb JIMHUU
onpeneIeHHOro (a3oBOro COCTOSIHMS, JUISl Yero JOJDKHO —YAOBJIETBOPSTHCS

yciaoBue: ot — fBx +y, = const .
[IpoaudpepenupyemM wieHbl 3TOr0 YpaBHEHHUS, B pe3yJIbTaTe IMOJTYUYHM:
awdt — fdx =0, OTKyJa CIEIyET:

v, :dizﬂzi:fg
i B 2712

HepaBCHCTBO v,> 0 O3HA4YacT, 4YTO IIaJaroniasd BOJIHA IICPEMCUIACTCA B

IMOJIO)KUTCIIbHOM B HAIIPABJICHWH, T. €. OT Ha4daJld JINHUU K €C KOHITY.
AMHJII/ITy,I[a na,ua}omeﬁ BOJIHBI 3aBHCHUT oT KOOPpANHATBL X.

U, (x)= \/Eale’“x , OHa

yObIBaeT (3aTyxaeT) MO MOKa3aTeJbHOMY 3aKOHY € °° B HalpaBlicHHE
BO3pacTaHus X, T.€. B HANpaBJICHUM JBWKEHUS BOJHBI. CKOPOCTh 3aTyXaHUs
ompezensercs Ko3(pPHUIMEHTOM o, KOTOPBIM MOJydns Ha3BaHHE KOIPPHUIMEHTA
3aTyxaHus BoyHbI [Her/m].

Koaddunment y = a + jf mokasbiBaeT B KOMIUIEKCE XapakTep
W3MCHEHUS BOJIHBI [IPU JBIKCHHUU €€ BJOJIb JMHUU, MIO3TOMY MOJYYHIT Ha3BaHUE
Kod(hpuIenHTa pacnpoCTpaHEeHUS BOJTHBI.

Xapakrep paclpoCTpaHEHHs MaJAroniedl BOJHBI HampsbkeHus U, (X, 1)
NOKa3aH Ha pucyHke 179.

U |

T 20 uteen

v

Pucynoxk 179
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OTtpakeHHasi BOJIHA HAPSDKCHUS PaBHA:
u,(x,t)=~2a,e”sin( ot + px +y,),
dazoBast CKOpOCTh OTPAKEHHOH BOJHBI HAWJETCS U3 YPABHCHUS:
ot + fx+y, = const.
[Tocne muddepennupoBanus moayuum: wdt + fdx+0 =0, oTkyma creayet

Pucynoxk 180

OTpakeHHas BOJIHA PACTIPOCTPAHSIETCS C TOU ke (a30BOM CKOPOCTHIO, UTO U
najaronias, Ho B 00paTHOM HaIpaBJICHUH (3HAK MUHYC), T.€. OT KOHIIA JINHUU K €€

2r o
Hadairy. OHa UMEET Ty K€ JJIMHY BOJHBI A = 7 . AMIITUTY1a OTPa’KEHHOMN

BonHbl U, (Xx) = v2a,e™ | npu o> 0 yObIBaeT ( 3aTyXaeT ) B HANPaBJICHUU
YMEHBUIEHUSI KOOPJIMHATHI X , T.€. B HAIPABJICHUN JBUKEHUS BOJIHBI.
XapakTtep pacnpoCTpaHEHHs OTPaKEHHOW BOJIHBI ITOKa3aH Ha pucyHke 180.
JleiicTBUTENbHOE 3HAUCHUE HAMPSDKEHUS B JII0O0O0M TOUKE JTMHU X~ B JTF0OOH MOMEHT
BpeMeHU ¢’ OyZIeT paBHO CyMMe 3HAUYCHUN HAIPSKEHUHN TaJaroIeil 1 OTpakKeHHON
BOJIH:
! ! ! ! ! !
u(x'5t)y=u, (x,t")y+u, (x',t).
OueBuaHO, uYTO (YHKIMIO ToKa B JHMHMH i(X,?) Takke MOMKHO

paccMaTpHBaTh KaK pe3yibTaT Hanoxenue magaromeii I, (X, 1) u oTpaxeHHO!
i,(x,7) BOJIH CTOM JIMIIb Pa3HUICH, YTO OTPaKEHHAs BOJIHA HAKIIAIBIBACTCS C
00paTHBIM 3HAKOM:

i(x,t)=1i (x,t)—1i,(x,t).
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12.5 JInnus ¢ pacnpeae/ieHHbIMU IapaMeTPaMH B Pa3JIMYHbIX
pekuMax

Pacuer TOKOB M HamnpsHKEHUW B JIMHUU C paclpeleleHHbIMHU MapamMeTpaMmu
TpU TIPOM3BONBHON Harpyske Z, =Z,-€’” Ha 0CHOBE COBMECTHOrO peIleHHUs
MOJIYYEHHBIX paHEee  KOMIUIEKCHBIX YpPaBHEHUH. YpaBHEHUs peXUMa JIMHUU
JOTIOJIHSIFOTCS] YpaBHEHUAMM 3aKkoHa OMa 7151 Hayaja U KOHIIA JIMHUU:

U,=Uychyl+1,Zcshyl

I, zlzchyl+%shyl

ENe

U,=Uchyl-1,Z.shyl

I,=1chyl- ZQ_IShﬂ

L c
Qz = lz Zz
rac Z] — BXOJHOC COHpOTI/IBHCHI/IC JIMHUHU TIpU BaHaHHOﬁ HaFPYSKC:

U, _chhﬂ"'LchSh?/l . Z,+Z.thyl

le_ ZC'
! izchyl—i-%zshyl Zce+Zy thyl

Zc

|~

Boibop anroputma pacuera oOmpenensieTcss KOHKPETHBIMU — YCIOBUAMHU
3amaun. PaccMOTpuM  XapaKTepHble  PEXKHUMbl  JUHUHM, MPEICTaBIIAIONINE
TEOPETUUECKUI HHTEpEC.

1.PexumM X0n0cToro on[a(Zz = 00) .

=2x

B pexume xonocroro xoma U, =U, ; L =1, = ~ =0, crenoBaTeNbHO

YPAaBHEHMS JIMHUU TOJTy4aT YKOPOUYECHHBIN BU:

le :sz'Chﬂ

U
[, ==2%.5hvl
7 ¥z

=lx
ZC
BXOI[HOC COIIPOTUBJICHUC JIMHUU B PCIKUMC XOJIOCTOT'O XOa:

Z :le :ll—]]Lv.Ch?/ll:ZC 1 -
=25 shod thyl
Zc

Zlx ]
2.PesKuM KOPOTKOIO 3aMbIKaHus (Z, =0).

Zlx

B  pexume  kopotkoro  3ambikanus 1, =1, U,=U, =1,-0=0,
CJI€I0BATENBHO YPABHEHHS IMHUH TI0y4aT YKa3aHHbIA BUJI:
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Ui =1y Zc-shyl
Ly =1, -chyl

Bxoaunoe COIIPOTUBJICHUC JIMHUH B PCIKUMC KOPOTKOI'O 3aMbIKAHU S

Z, = Ui _ 1, Z.-shyl =Z.-thil
Iy 1, -chyl

COBMECTHO BBITTOJTHCHHBIC OIBITHI XOJIOCTOTO X0a M KOPOTKOT'O 3aMbIKaHHUS
MO3BOJISIOT JKCIEPUMEHTAIBHO OIPEACIIUTh CHAadaja BTOPUYHBIC IapaMeTpPhl
nuHuu (Z, uy ), a 3aTeM u nepsuunbie (R, Lo, Gy, Cp).

BxoHble cONpOTHBICHHS TUHUN Z,, U Z,, SKCICPUMEHTAIBHO H3MEPIIOTCS

Mo CcxemMe Tpex mnpubopoB (ammepMerpa, BoOJIbTMETpa U (a3zomeTpa), Kak
U

Z(fx :_.e

1

Bropuunsle mapameTrpel JUHUM (Zc U ») HAXOAATCS W3 COBMECTHOTO

Jjo

pelleHus ypaBHEHuUH it Z, uZ,, :

7
Zc :\/Zu AT thyl = E_lk

Zlx

[lepBuunbie mnapamerpbl JuHuu (Ro, Lo, Gy, C,) omnpenenstorcs u3

COBMECTHOTO PEUICHUS YPAaBHEHUN JJIS Z.uy:
Z:\/(RO +j~a)-L0)-(GO +j-a)~C0)

R0+j’a)’L0 ’
G, +j-w-C,

Pemas coBMecTHO 3TH YpPpaBHCHUA, ITOJTYUYHUM:

Ry+jo-Ly=Z -y Go"'j’a)’Co:ZL-

12.6 Pesxum corsiacoBannoii narpysku(Z, =Z,).

B pexuMe COIJacOBAHHONW HArpy3KM BXOJHOE CONPOTHMBIIEHHE JIMHUU
PaBHO:
. Z,+Z. ‘thy -0 _
T Zo+z, thy ot T
HccneayeM BOJHOBBIE TIPOLIECCHI B JIMHUM:

Ux)=U,(x)+U,(x)=A4,-e™ + 4,e" =%(Q1 +1,Zc)e™ +%(Q1 ~1,Z.)e" =

=2

=U,-e”+0=U,(x).
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B pexume cornacoBaHHOW HAarpy3Kd B JIMHHHM OTCYTCTBYIOT OTPaKEHHBIC
BOJIHBI HAIIpsDKEHMS U TOKa. Bces dHeprus, nocrasisieMas Nafarollled BOJIHOW B
KOHEI| JMHUM IOJHOCTBIO MOTPEOJIAeTCs HArpy3KoM, HpU 3TOM IepenaBaemas

IIPUEMHHUKY aKTUBHAs MOILHOCTb UMEET MAaKCUMaJIbHOE 3HAYCHHE:
— _ —a-l -a-l _ 2.a-l
P =U,-I-cosp =U-e” -1-e” -cosp =U, -1-e”™ -cosg,.

2max

MorHocTs nctounuka sueprun: L =U, -1, -cos@, .
. P, U, -1-e* cosp.  uy
Koadduuuent nonesnoro neicreusa: 71=—-= —e
B U,-1 -coso,

Ecan COIIPOTUBJICHUC HAI'PY3KHU HCCOTJIACOBAHHO C BOJIHOBBIM COITPOTHBJIC-

HUEM JIMHUH (Z2 ¢Zc), TO 4YacTh DHEPTUM, JOCTABISIEMOM Majaroiiei BOJHOM,

OTpakaeTcs W BO3BPAIACTCS T€HEPATOPY B BHJIE OTPAKCHHBIX BOJH HAIPSHKCHUS
U TOKA.

B nuHUSAX CBSI3M OTpa)K€HHBIE BOJHBI YXYIIIAIOT KadyeCTBO OCHOBHOTO
curHajna (CHMKaeTcsi pa30OpUYMBOCTh PEUM, YETKOCTh M300pakeHus u Jp.). Bce
JUHUU CBSI3M PabOTalOT B pPEeXHMME, OJIM3KOM K coriacoBaHHoMmy. [lpu pazmmann

CONMpOTUBNECHUI Harpy3kd U JuHUM(Z, #Z,) TNPUHUMAKOTCSA —CHIEHHUATbHbIC

TEXHUYECKUE MEPHI I UX COTJIACOBAHUS.

B nuHMSIX 31€eKTpornepeaun CoriacoBaHue peKuMa He TpeOyeTcs, Tak Kak B
HUX OCHOBHBIM KpUTEpUEM SIBIISIETCS Iepe/laya SHEPrud C HaUMEHBIIUMHU
MNOTEPSAMH.

12.7 JIunus ¢ pacnpeaejieHHbIMH MapaMeTpaMu 0e3 MCKaKeHU

Curnassi, nepeaaBaeMble o JUHUSAM CBSI3H, SABJISIFOTCS
HECUHYCOUJIATbHBIMU (DYHKIIMSIMA BPEMEHU U COCTOSAT M3 CYMMBI TapMOHHK
pa3UyHbIX YacToT. Eciaum B JMHUM CO3/aHbl HEOJWHAKOBBIE YCIOBHUS A
pa3TUYHBIX TAPMOHUK, TO B KOHIIE JIMHUHA TAPMOHUYECKHUI COCTaB CUTHaA OyaeT
OTJINYAThCA OT FAPMOHMYECKOT0 COCTaBa 3TOr0 )K€ CUTHAJa B HadyaJle JUHUH, T.€.
curHayn OyaeT uckaxkeH. [[ns nuHUWIT CBS3U OYEHBH BaXKHBIM YCIIOBUEM SIBIISICTCS
CO3JJaHUE TAKOTO PEKHMMa PabOThI, IPH KOTOPOM OTCYTCTBOBAIO OBl MCKAKCHUE
CUTHAJIA.

PaznmuuaroT nBa BWAA HMCKaXCHWUH CUTHAlA aMIUIMTYJIHbIE W (a30BHIE.
AMIUTUTY/IHBIE HMCKAXEHUS MMEIOT MECTO B TOM cCiyyae, Korja Kod(h@dUIUeHT
3aTyXxaHusl 0 3aBHCHUT OT YaCTOThI, MPU 3TOM aMIUIUTY/bl OTIAEIbHBIX TAPMOHUK
3aTyXalT C HEOJMHAKOBOM CKOPOCTBIO, YTO MPUBOAMT K HCKAKEHUIO (DOpMBI
curtHana. ®a3oBbie HCKaXKEHUSI BOBHUKAIOT B TOM cllydae, Koraa ¢a3oBasi CKOPOCTb
V 3aBUCHUT OT YaCTOThI, MPU ATOM MPOUCXOJIUT CIABUT OTIEIBHBIX TAPMOHHK IO
daze, YTO NPUBOAUT K MCKAKEHHIO (OpMbl CUTHana. MTak, MCKaXKeHUEe CUTHaja
OyZeT OTCYTCTBOBATh IIPH MOCTOSHCTBE JBYX MMAPAMETPOB: o = Const, v = const.

Bropuunbsle mapaMeTpsl JIUHUU Z, U y 3aBUCAT OT YacCTOTHI, YTO B OOIIEM

ClIydac CO34aCT B JIMHUKW HCOAWHAKOBBIC YCIOBUA MOJIA TIPOXOKIACHUA BOJIH
HAaIpsKCHUA U TOKA Pa3JIMYHBIX YaCTOT U TaKas JIMHUS ABJISACTCA HCK&)K&IOHICﬁ.
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OTcyTCTBUE MCKAXEHUHN B JIMHUU HAOIIOAACTCS TOIBKO MPU OMPEICTICHHOM
COOTHOLLIECHUHU MEXKY €€ IEPBUYHBIMU ITapaMETPaAMHU.

L % W K L
LO CO GO CO
IIpy cOOIIOAEHUNU ITOTO YCIOBUS HOIYIHM:
R
L| 2+ jo
L, _ Ly
G C
C| 2+ jw ¢

0

— BOJIHOBOE CONPOTUBJICHUE JIMHUH SIBJSICTCSI YUCTO AKTUBHBIM M HE 3aBUCUT OT
YaCTOTHI;

. . R, . G, . R, .
Z:\/(Roﬁ—]a)LOXGOJr]a)CO): L, L—°+]a) .C, C—0+]a) = JL,C, - L—0+]a) =

0 0 0

Cy | . . .
=Ry + jo-|L,Cy =[R\G, + jo|L,Cy, =a + jp,
0
rie & =R, -G, =const— xospuureHT 3aTyxaHus HE 3aBHCHT OT YacTOTHI,

B=w,L,Cy — xoopdunment ¢asel, U= g2 -
o JLC, LG,

= const — (¢azoBas

CKOPOCTBb HE 3aBUCHUT OT YaCTOTHI.
B PCAJIbHBIX KaOCJIbHBIX JTUHHUAX CBSI3M COOTHOIICHHE MCKAY INICPBUYHBIMU

R G

napamMecTpamMu L_ > C. > TaK KaK BCJICACTBHUC COBCPIICHCTBA M3O0JIAIMU aKTHBHAA
0 0

npoBoAMMOCTh (G O4eHb Maja. Pexum 0e3 MCKaXeHM MOKET ObITh IMOJIy4eH

UCKYCCTBEHHO IIyTEM BKIIIOYEHUS B PACCEUYKY JIMHUM 4Yepe3 OIPEACIICHHBIC

UHTEPBAJIbl  JONOJHUTEIBHBIX KATYIIEK WHIYKTUBHOCTH L, U3 YyCIOBUA
R G .

———=—"C_ OpmHako C YBEJIMYECHHUEM OKBUBAJICHTHOW HWHIYKTUBHOCTH

Ly+L, C,

L,=Ly+L, camxaercs (a3oBas CKOPOCTb U, B PE3YIbTATE YETO YBEIUYUBAETCA

oOmiee Bpemsi MPOXOXKACHHUs CUTHaja 7, KOTOpOe MO TEXHHYECKMM HOpMaM He
JOJKHO IPEBBIIIATH ONPEAEIEHHYIO BEIUYMHY.

PeanbHble TUHUM CBSA3H B CBOEM OOJIBIIMHCTBE SIBISIOTCS MCKAKAIOIIMMU, a
VCKaXXEHNs CUTHAJIOB HA IPUEMHBIX KOHIAX JIMHUMA YCTPAHAIOTCA C IOMOIIBIO
CIIELIMAIIBHBIX KOPPEKTUPYIOIIUX YCTPOMUCTB.

12.8 JIunus ¢ pacnpeaejieHHbIMH IapaMeTpaMu 0e3 norepb

Jist kaOGeNnbHBIX JIMHUM ¢ pacipeieIEHHBIMU MapaMeTpaMu, paboTaroluxX Ha
BBICOKMX YacTOTax (JIMHUMU CBSI3M), PEAKTUBHBIC MMAapaMeTphl 3HAYUTEIHHO
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IPEBOCXOMAAT aKTUBHBIE WL, >> R, u @C;>>G, . Ilpu pacuere peKHMOB TaKHX
JUHUN MOXHO 0e3 ocoboro ymepba i TOYHOCTH pacuera mnpeHedpedb
AKTUBHBIMU [IapaMETPaMU U IIPUHATH UX PABHBIMU HYIIIO (R0 =0,G, = O) . B Takom

ClIy4dac JIMHUA CTAHOBUTCA WICAIbHOU WJIN oe3 INOTEPhb.
BonnoBoe COIMPOTHUBJICHUC JINMHUN oe3 IMOTCPLb:

R,+joL, |L,
c . -
G, + joC, C,
SBJIIETCS. YACTO AKTUBHBIM U HE 3aBUCUT OT YaCTOTBHI.
[TocTosiHHas pacripocTpaHeHUsI TUHUH 0€3 MOTEpPh:

y=NJoLy - joC, =0+ jo|L,C, =a+ jf,

0] 1
a=0, f=w,LC,; Vv=—=—F—=
rac 0™~0 ﬂ ,LOCO

B nuHum 6e3 moTeph OTCYTCTBYeT 3aryxaHue curHaia (o =0), a ¢asosas

=7 . -e'_

C

= const.

CKOPOCTb V HE 3aBUCHUT OT YaCTOThI, CJIEJI0BATEIbHO, JIUHUS O€3 MOTEPh SBISAETCSA
HEUCKaKAIOIIEH.
VYuuTeIBas MaTEMATHYECKUE COOTHOIIEHHS, UTO ¥ = jB , U

shjx:%(ejx —e‘j"): (cosx + jsinx—cosx+ jsinx)= jsinx,

1
2
S YA | .. ..

chszg(e’ +e™’ )=E(cosx+]smx+cosx—]smx)=cosx,

_ shjx _ jsinx

thjx = jigx,

chjx  cosx
npeobpazyem KOMILJIEKCHBIE YpaBHEHHUS YCTaHOBUBIIETOCS
CUHYCOMJIAJILHOTO PEKUMA JIMHUU:

U(x)=U, cos fix— j1,Z, sin fix,

I(x)=1,cos fx— j%sin P MIPU OTCYETE KOOPJIMHATHI X OT HaYasia
JIMHUY, ‘

U(y)=U,cos fy+ jl,Zsin f,

I(y)=1,cospy+j % sinfy IIpHU OTCYETEC KOOPJAUHATHI Y OT KOHIA
JIMHUY, ‘

Z,+jZ1gpl
“Zo+jZy1gpl

Zl =Z — BXOOHOC COIIPOTUBJICHUC JIMHUU.
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Pexxum nmuHUM 6€3 oTeph OnpeesieTCss CBONCTBaMH (TTapaMeTpaMH )

caMoii IMHUM ¥ BeIMUMHON U XapaKTepoM Harpysku Z, =Z,e’’ ua ee kouie.
Uccnenyem paboTy JIMHUU B PA3JIMYHBIX PEKUMAaX HATPY3KH.

Ly

1.PexxmM corytacOBaHHOM HATPV3KU: Z,=Z.=

0
YuntsiBas, uto U, =1,Z, = 1,7, , KOMIIJIEKCHbIE yPABHEHHUS JTNHUH
TOJIyYaT cieAy oI BUI:
U(y)=U,cos fy+jU,sinfy=U,e” =U,(»),

I(y)=1,cosfy+ jl,sinpy :Qzejﬂy =1,(»)

OT KOHIIAa JIMHHH,

Z (=2

— IIPHU OTCUYETC KOOPANHATEI Y

Zc+ jZ 1gfy
“Zo+jZctghy
B pexxum cornacoBaHHOM Harpy3ku HarpsbkeHue u(t,y) u ToK i(Z,)) COCTOST
TOJIBKO M3 MAJAa0IIUX BOJH, KOTOPBIE PACIIPOCTPAHSIOTCS OT Hayasla JIMHUU K €€
KOHITy 0e3 3aryxanus. JlelicTBytomiue 3HaueHus Hanpsokenust U(y) u Toka I(y) He
3aBHUCST OT KOOPJIMHATHI ¥ M BO BCEX TOUKAaX JMHUH UMEIOT OJINHAKOBHIC 3HAUYCHUS.

— BXOJZHOC COIIPOTUBJICHUC JIMHUU.

BXO/IHOE CONPOTHBICHHE THHIK Z, paBHO BomHOBOMY (Z, =Z,) u He

3aBUCHUT OT JUTMHBI JTUHUH. [ padudeckre quarpaMMbl Ha3BaHHBIX (QYHKIIUN MTOKA-
3aHbl Ha pucyHke 181

ULZ

Uly) U

() I

4 I | I I
i 24/4 23/4 A4

Pucynox 181

2.PexxuM xonocroro xoma: Z, =, [, =0. KoMIuieKCHbIC ypaBHEHHS pe-
KUMa JTMHUM TOJTy4daT BUJL:

U(y)=U,cospy,
()= U, sin fy =1, sin -’ ~ IIPA OTCYETE KOOPAUHATHI Y OT KOHIIA JIU-
= - — L2

c

HHH,
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Z,(y)=2 : : =—jlo——
CZ.+jZotgly C jighy 1y

— BXOJHOC COIIPOTUBJICHUC JIN-

HUH.
Bxonnoe compotuBienue JuHUM Zi()), SBISETCS YUCTO PEAKTUBHBIM, €r0

BEJIMYMHA U XapaKTep 3aBUCST OT JJIMHbI JTUHUM.

['paduueckue quarpaMmbl Ha3BaHHBIX (PYHKIIMKM MOKa3aHbl Ha pUcyHKe 182.
PexxuM nmuHUM, TP KOTOPOM B HEKOTOPBIX €€ TOUKaX HAOJFOTAF0TCST MaKCH-

MaJlbHbl€ 3HAYCHHSI HANpsHKEHUs (TOKA) WM MYyYHOCTH, a4 B JIPYTUX €€ TOYKaX —

HYJIEBBIE 3HAYEHUS 3TUX BEIIMYMH WIHA Y3JIbl, MOJYYWJ HA3BAHUE B TEXHUKE

peXHMa CTOSYHUX BOJH. Y3JIbl U IIYYHOCTH JUISI OJHOW M TOW K€ BEIUYMHBI

CIEAYIOT APYT 3a APYrOM 4Yepe3 OTPE3KU PaBHBIC %, rae l=%=?— JUTMHA
BOJIHBI, IPU 3TOM Y3JIbl OJTHOM BEJIMUYUHBI COBMA/IAIOT C MMyYHOCTSIMU JPYTOM.
Pexxum crosamx BOMH (U3UYECKH MOXKHO OOBSCHUTH Kak pe3yibTaT
HaJIO)KEHUSI MaJarolleld U HAJIOKEHHOM BOJIH C OAMHAKOBBIMU aMIUIMTyJIamMHu. B
TOYKAaX JIMHUU, B KOTOPBIX MTHOBEHHBIE 3HAUEHUS MAJAOLIEN U OTPAKEHHOW BOJIH
BCErJa COBIANAIOT, O0pa3yloTcsl IMy4YHOCTH, a B TOYKax, € 3TU 3HAYEHUS

CKJIQJIBIBAIOTCS C MTPOTUBOIIOJIOKHBIM 3HAKOM (B MPOTUBOdaze), 00pazyroTcs y3ibl.
ULz

Z(y) Ly,

Ve

".m-:.'x

i 2.4/4 2474 A4

Pucynox 182

Cremyer OTMETHUTb, YTO PEXKUM CTOSYMX BOJIH UMEET MECTO B TMHUU Oe3 Mo-
TEPhb TPH YUCTO PEAKTHBHOW Harpyske Z, ==+ X, 000l BemuuuHbl (

0>X,2-00). [Ipu peakTUBHOW HArpy3Ke SHEPrHs, JOCTABIIseMas IaJaroIei
BOJHOM B KOHEL JIMHUM, MOJHOCTBIO OTpPaXXaercs, IpU ITOM aAMIUIMTYJIA
OTPA)KEHHOM  BOJIHBI paBHA aMIUIMTyAE IIOJAIOIIENM  BOJIHBL. ~ BxomHoe
COIIPOTUBJICHUE JIMHUM IPU PEAKTUBHOM HaArpyske Z, ==*jX, sgBiagercd 4uUCTO
PEaKTUBHBIM:
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inz +chtg,By . _ in
— =JjZ 1g(y+ @), rne @ = arctg ,
CZo+ jEiX ey ¢ Z.

Z,(y)=2

3.PexxyM Ipon3BONIBHOM HArpy3ku: Z, =Z,e’?.
Pacuer pekuMma JIMHUM TPOM3BOJMTCSA ITyTEM COBMECTHOIO DEIIEHHs ee

KOMILIEKCHBIX ypaBHeHuil u ypasHenuii 3akona Oma:U, =L, Z, u U, =1, Z,. Tlpu

MPOU3BOJIbHOW HECOTJIACOBAHHOW HAarpy3ke B KOHIE JHHUM IPOUCXOJUT
YaCTUYHOE OTPAXEHUE BOJIH, MpPU HSTOM aMIUIUTYJbl OTPaKEHHBIX BOJIH
HaIpsOKEHUsl U TOKa OyJyT MEHbIIEe aMIUTUTY/]l MaJaloliux BoiH. Pacrpenenenue
JNEUCTBYIOIIMX 3HAYEHUW HAMpsHKEHUS W TOKA BIOJb JIMHUM OyAeT HOCUTH
BOJTHOOOpa3HBIA xapakTep (pUCYHOK 183), mpu 3TOM MaKCUMyMbl U MHUHHMYMBI

byHKUMU OyayT clie0BaTh APYT 3a APYTOM Yepe3 UHTepBall /y 4.

CrTeneHb HECOTACOBAHHOCTH COMPOTHBIEHHs Harpysku Z,=Z2,e’’ ¢

BOJTHOBBIM COTIPOTUBJICHUEM JIMHUUA Zc XapakTepusyercs KodhUIMEeHTOM
CTOSTYEN BOJIHEI:
U B U,+U,

max

‘ U _Un_Uo

min

B peanbHBIX YCNOBUSX JJis COTJIaCOBaHUS HArpy3ku C JIMHUEH
MPUMEHSIOTCS CHEeIMaIbHbIE COTJIACYIONINE YCTPOMCTBA.

Ly

Uﬂ".‘d‘)(’

— A4 A/4 A4 a4 —

Pucynoxk 183

12.9 IlepexoaHble MPoOUECCHl B JIMHUM € pacnpeaeJeHHbIMU
napamMmeTrpaMu

B nmemsax ¢ cocpedOoTOYEHHBIMHM IapaMETPAMHM MEPEXOAHBIE IPOLIECCHI
IPOTEKAOT OJTHOBPEMEHHO BO BCEX HAMPABIECHUAX LEMU C OJMHAKOBOW CKOPOCTHIO
3aTyXaHUs.

B nensix ¢ pacnpenelieHHbIMU MapaMeTpaMu MEPEXOJIHOM MPOILECC, HayaB-
HIMICS B KaKOH-IMOO TOYKE IIeMH, paclpOCTPaHIETCS Ha OCTAIbHbIE 3JIEMEHTHI B
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BUJC BOJIH, KOTOPLIC PACHPOCTPAHAOTCS BIAOJb LCIIHA C KOHEUHOU CKOPOCTBIO V.

ta cKOPOCTh GIM3Ka K CKOpocTH cBera ¢ =3-10° kM/C B BO3IYIIHBIX JTHHHSX U
v<c mna kabenbHbIx JuHuil. [lo Mepe pacmpocTpaHeHHS BAOJIb JUHHH BOJHA
U3MCHSET CBOIO (hOpMY, MO3TOMY TEPEXOTHOM MPOIECC B Pa3HBIX TOYKAX JTHHUU
BBITVIIZIUT TO-pa3HOMyY. TakuM o00pa3oM, MEPeXOJHOW NpOoIecC B IEMH C
pacrpe/e/ICHHBIMUA apaMeTpaMu TMPOTEKaeT B (YHKIMH JBYX MEPEMEHHBIX —
HPOCTPAHCTBA U BPEMSL.

B BBICOKOBOJIbTHBIX JIMHHSIX 3JCKTPOIEPEayd MEPEXOJHBIE IPOIECCHI
BO3HMKAIOT IMPHU Pa3IMYHBIX KOMMYTALUAX, a TaK K€ OT TPO3OBBIX SIBICHHI B
armocepe. Ilpu mepexoaoM Mporiecce Ha OTACIBHBIX y4acTKaxX JIMHHA MOTYT
BO3HUKHYTh TEPEHANPSHKCHUSA, HEPEIKO MPHUBOIAIINE K MPOOOI0 M3OISINHN, HIH
OOJIBIIIFE TOKHU, BBI3BIBAIOIINE MEXaHUUYECKUE PA3PYIICHUS KOHCTPYKIMMA. Y MEHHE
pPacCUYMTHIBATh 3TH IEPEHANPSIKEHUS W CBEPXTOKH HEOOXOIMMBI B HMH)KCHEPHOI
NpakTUKe Ul TOpPaBWIBHOTO BbIOOpa W pacueTa OTACIbHBIX  YacTei
3IIEKTPOYCTAHOBOK.

AHanu3 TMEepPexXOMHBIX MPOIECCOB B JIMHUK C  paclpeaciéHHbIMU
napamMeTpaMd TMPOBOAUTCS Ha OCHOBE pelreHuss ee  auddepeHIrmaIbHbIX
ypaBHEHUH, OTyUYEHHBIX paHee:

—a—u:ROi+Loﬁ
ox t
—ﬁ:G0u+COa—u,
ox ot

Pemenne auddepeHnuaibHbIX YpaBHEHH B YacCTHBIX IPOU3BOJIHBIX B
o0IeM ciydyae MpeJCTaBseT CIOXKHYIO MaTeMaTHYEeCKYIO 3ajady, pelleHue
KOTOpPOM BBIXOAMT 3a paMku yyeOHoro kypca TOD. Iloaromy 31ech orpaHuuuMcs

PAacCMOTPEHHEM YacTHOTO CIydasl IMHHM 0e3 1oTtepk, T.e. npu ycinosun Ky =0

G,=0.
Huddepennnanbable ypaBHEHUS JIMHAN 0€3 MOTEPh MOIy4aT BU:
ou oi
—— =L,
ox ot
o ou
ox ot

Boinonaum penienue 31oi cuctembl AuddepeHnaibHbIX YPaBHEHUM, s
4yero Kaxjaoe u3 ypaBHeHUU npoauddepeHurpyeM cHayania mo nepeMeHHOH x, a
MOTOM 10 TIEPEMEHHOMH £

0’u o' 0% 0’u
-—=1, ——=C,——
ox Ox-0t Ox Ox - Ot
o4, du 6%u 8%
ox-or o x-or ot
CoBMeCTHOE pellIeHHEe KaX 101 Naphbl MOJIYYEeHHbIX YPABHEHUI 1aeT
pe3yJbTar:
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0%u 0’u

_x2 -L,C, _81‘2 =0
0%i 01
ar o
1
Beegem o6o3naueHue Vv :L—C_ CKOPOCTb BOJHBI, IIOCJE YEro
0o~0
YpPaBHEHUS IIPUMYT BUL:
0’u _L@zu B
ox> v? or?
Fi 1o
ot v? or?

B KypC€ MaTCMAaTHUKHU YPABHCHUA JaHHOTO BUJA IIOJTYYHJIN HA3BAHHC
BOJIHOBBIX, 1 UM COOTBCTCTBYCT CJICAYIOIIHNC PCIICHUA (663 BBIBOI[a):

(e t) = fi(E ==+ 1)+ [0+ =+ 1) =u, (1) +u, (%,1)
4 4

z'(x,r>=Zif1(r—§+rl)—zifz<z+f+rz>=in<x,z>—io(x,z>.

12.10 Pacyer nmagarommx BOJIH B JIMHHUHU € pacnpeaeJeHHbIMH
napaMeTrpaMu NpHU MOAKJIIYEHUH ee K MICTOYHUKY DIC

[IycTh IMHHUSA C BOJHOBBIM CONPOTHBICHHEM Zc¢ = % B MOMEHT ¢ = ()
0

nogakiarouaercss Kk ucrounuky DJIC  e(t)=E=const umn e(t)=E, sin(ot+a) ¢
HYJICBBIMH WJIM C HEHYJIEBBIMH BHYTPEHHHMH mNapameTrpamu R ,L,. Vcrounmk
D/IC BOCHpHMHMMAET JHMHHUIO KaK BOJHOBOE COINPOTHUBICHHE Z ., IIO3TOMY
9KBUBAJICHTHAs CXeMa IEIH I pacueTa pekrMMa B Hadaje JUHHH OyaeT UMETh
BuJ (pucyHok 185 a, 6).

PaccMOTpUM pasiidHbIe BapUaHTHI (hopM Majarommx BoiH U, (x,1),i,(x,t)

B 3aBUCUMOCTH OT napameTpoB ucrounuka J/C.
l.Actounuk mnoctosaHo OJIC e(t) = E c HyJIEeBBIMH BHYTPEHHHUMH
napamerpamu R, =0,L =0 ( pucyHok 185a).
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a) 6)
Pucynoxk 185

o u{xt’)

Pucynoxk 186

[Tocne 3ambIkanust pyOMIbHUKA B MOMEHT =0 BOSHUKHYT MaJarOII1e BOJHBI

x : 1 X
C  TpsAMOyrombHeIM  QpoHTOM: U, (X, 0)=E(1 - ;), i (x,t)= —~ E(t— ;) _
C

(DpOHTOM BOJIHbI HA3bIBACTCS €€ HadaJbHbIN Y4aCTOK. Bo Bcex Toukax JINHHUH,

X
TIPOHIEHHBIX (POHTOM BOJHEI, YCTAHABIMBAETCS MOCTOAHHEIH peskum (1 —— > 0),
v

: E X
u()=E, i(t) = 7 JIi1st Touek auHuHM, Kyaa GpoHT He gomen (! - <0), u=0 u i=0
C

(pucynok186). Tak kak GopMsl nafaronux BonH U, (x,t) u i,(X,?) uneHTHUHSI,
TO Ha rpaduyeckol nuarpamme (pucyHok 186) m3o0pakeHa TOJBKO Majarolasi
BoJTHA HanpsokeHns U(x,t') .

2.Acrouynuk cunycounpanbaont OJIC e(t) = E sin(wt + o) C HyJEBbIMUA BHYT-
pennumu napamerpamu R, =0, L, =0 (pucyHnok 185a).

HaHpH}KCHI/IC N TOK B HA4YaJIC JIMHHH I10CJIC 3aMbIKaHHUA pY6I/IJ'IBHI/IKa YCTAaHO-
BATCA MTTHOBCHHO U 6y,HYT PaBHBI:

u, =E sin(ot+a), I, = sin(owf + ) .
C
@®poHT BONHBI OyneT OMNpeneisaThCs HadalbHOU (a3oii a« B MOMEHT

BpeMeHu BiJtoueHus ¢ = Q;u, =E, sina. C TeyeHMEM BpPEMEHHU BOJIHBI OyayT
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pacupocCTpaHATbCA BIAOJIb JIMHUU. I[J'II/I HUX MAaTCMATUYCCKOI'O BBIPAKCHUSA 3aMCHUM

X
B IPCABLIAYIINX YPAaBHCHUAX ICPECMCHHYIO / Ha [ = ; :

U (x,)=E, sin[a)(t A a} = E, sin(wt - fc+a),
A%

E . E .

i (x,t)= —’”sm[a)(z‘ — E) + a} =—"sin(wf — fr+a) .

Z. 12 Z.
u

£ U, 1)

V ¥ X ] X
r——=0 e I —— =0 J—

=
(_— v v

Pucynox 187

Kak m B mpempinymeM ciiydae, pPELIEHHE CIPABEMIMBO IPU  YCIOBHH

X ) ,
t—=>0. U3 pemreHns cieayer, 4To majgaromme BomHbl U, (X)) u I,(X,1')
N

pacnpenesnstoTcs BAOIb JMHUM 10 CUHYCOUIaJIbHOMY 3aKOHY (pUCYHOK 187).
3.Ucrounuk mnocrostanoir DJIC e(t)=E ¢ mnapamerpamu R, >0,L;, >0
(pucynok 1850).
HanpspkeHne W TOK B Havalle JIMHMM TIOCJE 3aMbIKaHUS PyOUIIBHUKY
ONPENENATCS IyTEM pacyeTa IePEeXOJHOT0 MPOLECCa B CXEME 3aMEIICHUS KIIACCH-
YECKHUM HWJIM ONEPATOPHBIM METOAOM:

w0 =22 (1=em), i = (1),

R, +Z, R, +Z,
R, +Z,
raoe P = _—L — KOpEHb XapaKTePUCTUUCCKOTI0 YpaBHCHHUS.
0
I[J'IH MATEMATHUUCCKOI'O Bblpa)KeHI/IH BOJIH B IUHUHU 3aMCHUM nepeMeHHy}o t
HA t——:
\%
E-Z p(t==) E p(t==)
C .
u (x,t)= l—-e Vv i (x,t)= l—e
0 + ZC 0 + C

[TonyueHHBIE PEIIEHUs CIPABELIUBEI IIPU YCIOBUU L L >0 U3 pemenus

cleyeT, 4To Najarouiue BoiHbl U, (X,t) u i,(X,f) u3MeHAOTCS BO BPEMEHU U
MIPOCTPAHCTBE 0 AKCIIOHEHITMAILHOMY 3aKOHY (prucyHOK 188a, 0).
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u(x,1)
(%, 1)

.('

o X [ ==

P— F——>=0 v
v

al 6)
Pucynox 188

Takum o6pa3om, 171 pacyeTa NajaloIuX BOJIH B TMHUU U, (X,1), 1, (x,1)
HEO0OXOJIMMO BBITIOJTHUTB PacyeT MEePeXOoqHOTO Mpollecca B CXeMe 3aMEeIICHUS IS

X
Havdaja JJUHUU W B IIOJYYCHHBIX BbIPAXKCHHUAX 3aMCHUTH IICPEMECHHY1O f Ha =,
1%

12.11 Pacuer oTpasKeHHbIX BOJIH B JIMHUM € paclpeae/ieHHbIMY MapaMeTpaMu
NP NOAKJIIOYEHHH ee K MCTOYHUKY JD/C

[Tocne TOro Kax mamaroouiye BOJHLI u,(x,7) u I, (x,1) JOCTUTHYT KOHILIA
JMHUHU, TP Z, # Z, BO3HUKHYT OTPaKEHHBIC BOJHBI M 3aKOHBI PACIpPEACICHHS
HaIpPSHKEHUS U TOKA BJIOJIb JIMHUU OyIyT ONPEAEISITHCA HAIOKEHUEM 3THX BOJIH:

u(x,t)=u, (x,t) +uy(x,t), i(x,t) =1, (x,t)—i,(x,1)

PaccMmoTpum pexuM KOHLA JIMHUU TOCIIE€ MPOXOXKAEHUS NAJar0NIENd BOJIHBI.
bynem cuutath, yTo (popMBl mamarouux BOJH u,(x,f) U i,(X,f) HAM H3BECTHBI.
Toraa nmonyunm:

Uy () =u,, (1) +u,, (1) (1)
i,(t) =1,,(t) =1, (1) (2)
VMHOKHM 4JICHBI BTOPOIO YPaBHEHUS HA Z W IIOYICHHO CJIOKHM JIEBBIE U
MpaBbI€ YaCTHU YPaBHEHUM:

U, ) +i, (1) Zo =u,, () +u,, () +1,,(t) Z —1,, () Z =2u,,(7)

[TomyueHHOMY ypaBHEHHIO COOTBETCTBYET pacueTHasi cCXxeMa 3aMeICHIsI
JUIs1 KOHIIA JIMHUM (pUCYHOK 189).

I‘.{:I/‘"r ’2 e
—~— N
L

C) e=2U-, Uy

Pucynox 189
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B pacuetnoit cxeme DJIC paBHa e(t) = 2U,, (¢) , TMHUS TIpEJCTaBIIEHa CBOUM

BOJHOBEIM ~CONpOTHBICHHeM Zc, a Harpy3ka — CBOMMH (DM3HYECKHMH
napamerpamu R, L, C. MOMEHT KOMMYyTallUM B pacu€THOM CXEM€ O0JKEH

[

TIPOMCXOHUTE C 3ajepXKoii Bpemeru f;, = Al = o pPaBHBIN BPEMEHH ITPOXOKICHUS

JIMHUM T1aJa0IIer BOJIHOM.

Takum oOpaszom, Ui ONpeeseHrus HaNpsOKeHUST W TOKa B KOHIE JIMHUU
u,(t) u i,(¢f) ¢ y4eToM HaJOXKEHHUs MMaJarollell ¥ OTPaKEHHON BOJIH, HEOOXOIMMO
BBITNIOJIHUTH PACYET MEPEXOJIHOTO IIPOLIECCA B CXEME 3aMEIIECHU JJI1 KOHUA JTUHUU
Y ONIPEAECIIUTh NUCKOMbBIE BEJTUYHHBI.

Panee mnpu pemenun auddepeHIuaIbHbIX YpaBHEHUNW JIMHUM OBUIH
MOJTYYeHBI BRIPAKECHUS B OOIIEM BUJIE JJISI OTPAKCHHBIX BOJIH:

X . 1 x
uo(x,l‘):fz(t+—+2'2); zo(x,t):—fz(t+—+2'2)
v Z. v
UtoOwsl goctrub Hauana jauHUU (x = () oTpakeHHOW BOJHE MOTpeOyeTcs
] 21
BpeMs —, a C MOMEHTa BKJIIOUYEHUS JIMHUU TPOUIET BpeMs ", W CIIE/0BATENbHO,
v
21
7, =—— Takum oOpazom:
%
x 2l _ 1 x 2l
u,(x,1) = f(t+—+—); L(x,0)=—=fLI+—+—),
v v Z. v v

3aMeHUM B BBIPOKEHHUSAX JJISI OTPAKEHHBIX BOJIH MEPEMEHHYIO X Ha ) U3
YCHOBUA X = [ :

u,(v.0) = ot -2 +5). L= -2l
v v’ Z. R

Bblpa}KCHI/I}I AJIL OTPAKCHHBIX BOJIH B KOHIC JIMHHUU MOT'YT OBITH IMOJIYYCHEI

n3 Haﬁ,ﬂeHHBIX paHee pemeHm”I ML HAIIPSAKCHUA M TOKAa B KOHIC JIMHUHU M2 (t) )

i,(1):
s, (O) =) =1, (0), (=) 5, (0 =0, (1)

C
BBIpa)KeHI/IH AJIs1 3aKOHOB PAaCIIpCACICHUA OTPAKCHHBIX BOJIH BAOJIb JIMHUU
[oJIyuium H3 ypaBHeHI/Iﬁ 9TUX BOJIH B KOHIEC JIMHUKW IIYTCM 3aMCHbBI B HHX

Y

epeMeHHoi ¢ Ha [~

PaccMoTpum npuMepbl pacuera OTpaKEHHBIX BOJIH B JIMHUH.
IIpumep 1. B moment ¢ = 0 JUHUS C BOJHOBBIM CONPOTHUBIICHHEM Z

BKJIFOUAETCS K MCTOYHMKY nocrosuuoi DJIC e(f)=E, R, =0, L,=0,
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[lajaronue BOJIHBI OYLyT KMETH NPAMOYTONbHBINA GpoHT: u, =E; I, = 7
c

L=ify Ze L
L]

k\) e=2u,,=2F u; []

~

Pucynoxk 190
Hanpspkenue W TOK B KOHIIE JIMHUM HAaXOJUM W3 pacdyeTa CXEMbI
3amenieHus i KoHua JuHuu (pucyHok 190). Tak kak B 3Toil cxeme coJepxKaThCs
TOJBKO AKTUBHBIE 3JIEMEHTBI, TO PEKUM B CXEME€ YCTAHOBUTCS MTHOBEHHO 0Oe€3
NEPEXOJHOr0 MpoLecca:

i, = 2u,, :Zizan_ uw, = 2u,,R,
R +Z. R, +Z.~ R, + Z,
OTpakeHHBIC BOJTHBI B KOHIIE JINHUU:
v o, =M R Ze
20— "2 Zn_R 7 Zn_R 7 2n — "o 2n
2 T 4¢ R te
. . 212,1R2 . R2 _ZC . .
he =7 T, ——ﬁﬂzn TRz =kl
2 T4¢ 2 TZe
Uy by Ry —Z¢
k =—2%22—20__2 "€ .
3nech X, — KO3 PUIIUEHT OTPaKEHHOU BOJIHBI.

Uy, b, Ry+Z.
B ciydyae akTUBHOM Harpy3ku OTpaKEHHBIC BOJIHBI B IMHUUA MOXKHO OTIpe/ie-
JSTH Yepe3 KOIPHUIMECHT OTPaKEHUS:

u
_ . _ . _ zn
uzo - kouzn ) l20 - kOZZn - ko .
C
CompoTuBieHre Harpy3ku R, MOkeT m3MeHAThes oT 0 mo o0 . B pexume

XO0JIOCTOrO XO0ia R, =00, CIe0BaTeNbHO, KOI(POUIMEHT OTPaKEHHOW BOJIHBI
k,.=1. B pexume cormacoBanHo# Harpy3ku R,=Z.u k, =0, B pexunme

KOpPOTKOro 3amblkanuss R, =0 u k,,.=-—1. Dro o3Hauaer, uro B pexume

XOJIOCTOI0 XO0/Ja mnmagaaromue BOJHBI ITOJHOCTBIO OTPAKAKOTCA OT KOHIA JIMHHUH C
TEM JKC 3HAKOM, B PCIKUME KOPOTKOI'O 3aMbIKAaHUA — C IIPOTHBOIIOJIOKHBIM 3HAKOM,
a I1pu COrJIaCOBaHHOM Harpy3Ke OTpaKCHHBIC BOJIHbLI BOO6IIIC OTCYTCTBYIOT.

27, -7, 1 1 o1

= =5 n Uy, =U, lyy =7y,

2Z.+7Z. 3 0 T3t 2o gt
I'paduyeckue quarpaMMbl pacupeieleHuss HANPSHKEHUS U TOKA BIOJb JIMHUH C
Yy4ETOM OTPaKEHHBIX BOJIH IIOKa3aHbl Ha pucyHke 191a, 6.

Ilycte R,=Z., torma ko
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ITpumep 2. B momeHT ¢ = 0 JMHUA C BOJHOBBIM CONPOTUBIEHUEM Z .

BKJIIOUAeTCs K ucTounuky nocrosuuoi DJIC e(f)= E, R, =0, L,=0. B xonue
JIMHUU BKJIIOUEH KoHAeHcarop C.

[Majaronue BOIHBI OYIyT MMETH MPAMOYTONBHBINA GpoHT: u, =E ; I, = 7
C
HarmpsxkeHnue U TOK B KOHUE JIMHUM HAXOAUM U3 pacueTa NepexoJHOro mpo-
11eCCa B CXEME 3aMEILEHUs JUIsl KOHIIA JIMHUU (pPUCYHOK 192).

I‘.«':W z, o J2
~ g T —
L

™

() e=2u,,=2F T —

Pucynox 192

PaccuutsiBaem HepCXOI[HOﬁ mponecc B CXCMEC KIIACCHUYCCKUM MCETOAOM H
nojrydacm:

p(t-4)
A%

. 2E »i-h
Lt)y==—e . u,(t)y=2E(1-e ),
Ze
1
rie pP=——-—-— KOPEHb XapaKTePHCTUYECKOrO YyPaBHEHHWS, IIepEeMEHHas ¢

Z.C

3aMCHEHAa Ha [ —— ¢ YU4C€TOM CMCHICHUA Hadajla IICPCXOAHOI0 IMpOHCCCa B KOHIIC
A%

JIMHUK Ha Af =—,
v

OTpa)KeHHbIC BOJIHBI HAIIPSPKCHWA 1 TOKA B KOHIC JIMHUU:

!
p(t—)
v

/
p(t—)
s, () =1, () =11, (1) = 2E(1=¢" ¥ )= E= E(1-2¢"")
) 1 E
ZZ(J (t) :_u2o (t) = « l) .
plt——
¢ Z.(1-2¢ )
BBIpa)KeHI/IH AJI1 paClIipCACIICHUA OTPAXCHHBIX BOJIH BAOJIb JIMHHUU IMOJYYHUM
13 UXx BBIpa}KeHI/Iﬁ AJI1 KOHIOA JIMHHUMA ITYTEM 3aMCHBI HGpCMCHHOﬁ tHa t — X .
\%
! y I

P(I—X—*) . E P(f—;—;)

u20(y9t):E(1_2e ' v), lZo(y’t):Z_(l_ze )

c
['paduueckue auarpaMMbl pacrnpefeieHus] HaMpsHKEHUST W TOKa BJIOJb
JIMHUY C YYETOM OTpaKeHHBIX BOJIH MMOKa3aHbl Ha pucyHke 193a,0.
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U, v i N

a) 8}
Pucynox 193

12.12 PacueT nmepexoaHOro nNpouecca B JJUHUHU C Y4€TOM MHOTOKPATHBIX
OTPa’KEHNH BOJIH

IlepexogHoi mpouecc B JIMHUM C PACHpEACICHHbIMU NapameTpamMu
CKJIAJIBIBAETCSl M3 HAJOKEHHSI BOJIH IIOCIIE WX MHOTOKPAaTHBIX OTPAKEHUU HE
TOJIBKO OT KOHLA JIMHWW, HO W OT €€ Haydaljla, €ClIi BHYTPEHHEE COIPOTHUBIICHHUE
VCTOYHHUKA HE PABHO BOJHOBOMY COIIPOTUBIICHMIO JINHUU Z ..

PaccmoTpuM mpoTekaHue NepexoaHOro mpolecca B MAealTbHON JIUHUHN Oe3
HIOTEPh C BOJHOBBIM CONPOTHUBIEHHEM Z . B PEXHUME XOJOCTOro xoja (Z, =)
IIPU BKJIFOUYEHUU €€ K UIeaTbHOMY HCTOUYHUKY nocTositHHOM DJIC e(f)=E, R, =0.

JIns pacdera OTpaXCHHBIX BOJH OyleM IMOJIb30BaThCs KO3 HUIIUEHTOM
OTpaKEeHHUsI, KOTOPBIA paBeH Iyisl KOHIA JuHud K,, =+1 u g Havana auHUM
k, =-1.

ol —

Bech nepexonHol mpoliecc COCTOUT U3 4-X OTPE3KOB BPEMEHH WU CTaAMil.
1-as ctanusa. B MmoMmeHT =0 nunus BkirodaetTcs: K uctouHuky IJIC e(f)=F u
BO3HMKAIOT TMepBble ( MO TMOPSAAKY ) TMAaJalollre BOJHBI C MPSMOYTOJIbHBIM

. E
bpoutom u, =E,i, =Z—= I, xoTophIe MEpPEeMENIAlOTCsA OT Hayvaja JUHHUH K ee
C

KOHITY ¢ ()a30BOI CKOPOCTHIO v (pUCYHOK 194a.).
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Pucynoxk 194

2-as ctagms. Ilamarornye BOJIHBI, JOCTUTHYB KOHIIA JTUHUHU, OTPAXKAIOTCS C
xkodbunuentom k,, =1, re. u,, =k, u,=1-E=FE i =k,i =I.Hanpsxeuue
U TOK BJIOJIb JUHUU OIPEACISAIOTCS KaK PEe3yNbTaT HAJOKCHHS MAaJalomuX H
OTpPa)KEHHBIX BOJIH:

u=u,+u,=E+E=2F i=i,—i,=1—-1=0,

JuarpamMmsbl GyHKIUH ©(X), i(x) TOKa3aHbl HA pucyHke 1940.

3-1 cragus. 1-e oTpakeHHbIE BOJHBI JOCTHTAIOT Hayana JUHUU W
oTpakaroTcs ¢ Kod(hduuenTom k,, =—1, T.e. ¢ 0OpaTHBIM 3HAKOM, B pE3yJIbTaTe

3TOT'O OTpPaXCHUA ITOSABJIIAKOTCA 2-¢ (HO HOpSII[KY) ImagaroIuec BOJIHBI:
U 2 - oluol :_1'E:_Ea ln2 = ollol :_I.I:_I'

n

Hanpsikenue u TOK BAOJIb JTUHUM ONPEACISIIOTCS KAK PE3yIbTaT HAIOKECHUS
JIBYX IMAJAIOMINX U OJTHOW OTPAKEHHOW BOJIH:

u=u,+u,+u,=E+E-E=F i=i, —i,+i,=1-1-1=-1I.
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Huarpammel GyHKIHH ©(X), i(x) TOKa3aHbl HA pucyHKe 194B.
4-as cragus. 2-e nafarouIue BOJIHBI, JOCTUTHYB KOHIA JIMHUH, OTPa’KaIOTCs

¢ koaddurmentom K,, =1, B pesynprare 310ro oTpaxeHus MOSBISIOTCS 2-ble (IO
TOPSIKY) OTpa)kKEHHBIE BOJIHBI: T.C. u,=ku,=1(-E)=-F,

i,, =k, i, =1-(=)=~I. Hanpsxenue u TOK BIOJIb JHHUH OMPENEITIOTC KaK

pPE3yNbTAT HATOKEHUS MAJA0IINX U OTPAXKEHHBIX BOJIH:
u=u, +u,+u,,+u,=E+E-E-E=0,
i=i,—i,+i,—i,=1-1-1+1=0,

Huarpammbsl GyHKUMR ©(x), i(X) MoKka3aHbl HA pucyHke 194r. B xonie 4-oii
CTaAUU HANPSIKEHHE W TOK B JIMHUM CTAHOBSATCS PAaBHBIMU HYJIIO, IOCJE YEro

IIPOLIECC B JIMHUU IOBTOPSIETCA IO TOMY K€ cueHapuio. Ilepmon moBTopeHus

r=2
%

B peanbHbIX TMHUSAX HAMYHE MOTEPh (XOTh U HE3HAYUTENIbHBIX) TPUBOIUT
K OBICTPOMY 3aTyXaHUIO IIEPEXOAHOTO Mpolecca.

Ecnu B nuHUM coxmep)karcs TOJBKO AKTUBHBIE 3JEMEHTHI, TO pacyeT
NEPEXOIHOTO MPOIlecca U MOCTPOeHUE TpaduUecKUX JUarpamMm pacrpeneiaeHus u
HaOpsOKEHUST M TOKA BJOJb JMHUM HPU MHOTOKPATHBIX OTPAKEHUSX BOJIH
BBITOJIHSAIOTCS IO TOMY € allTOPUTMY, KaK U JUIsl pACCMOTPEHHOI'O BBILLIE CIIydast
XO0JIOCTOr0 X0/, C TOM JIMILb pa3HULEH, 4TO KO3 (HULIUEHThI OTPAKEHUS B HaYae

_ZC

¥ KOHILIE JIUHUM ONpEAeNaioTcs 1o ¢opmyne k, = U MOTYT UMETh JIIO0bIE

C
3HA4YEHMs B UHTEpBasie ot —1 10 +1.

Eciu nuHug conmepxuT Hakonurennw sHeprum L wim C, TO mocie
OTpaXEHMs BOJIH OT 3THUX DJIEMEHTOB M3MEHAIOTCA (opMbl BOJH. Pacuer kaxxnoi
HOBOW OTPa)KEHHOM BOJIHBI CTAHOBHUTCS BCE CJIOXKHEE, B PE3yJIbTaTe€ YEro pacyer
NEPEXOTHOTO MpoLiecca MO METOAY HAJOKEHHUS BOJH CTAHOBUTCSA MPAKTHUYECKU
HEBO3MOXKHBIM. B 3TOM cilydae NMpUMEHSIOTCS CHElHMalbHbIE METOMABI pacyeTa,
paccMOTpeHHE KOTOPBIX BBIXOAUT 3a paMKu yueOHoro kypca TOD.

13 CuHTe3 3JIeKTPUYEeCKHUX Lenei
13.1 XapakTepucTHKa 32/1a4 CHHTe3a

CHHTE30M 3JIEKTPUYECKOM LIENU Ha3bIBAIOT ONPEIEICHUE CTPYKTYPBI LIENH U ITapa-
METPOB COCTABIISIIOLIUX €€ 31eMeHTOB R, L u C 1o U3BECTHBIM CBOMCTBAM
(XapakTepuCTUKaM), KOTOPBIM JA0JKHA YJOBJIETBOPATH LIETb. 3a4a4ld CUHTE3a
Hernen MpOTUBOIIOIOKHBI 110 LENHN U COAEPKaHUIO 337ja4aM aHam3a. B otiouune ot
3a]1a4 aHaJIu3a, UMEIOIINX, KaK IPaBUJIO, €AUHCTBEHHOE PELLIEHUE, 3a/1a4l CUHTE3a
MOTYT UMETh HECKOJIBKO PELIECHU, YAOBIETBOPSIOINX 3alaHHbIM YCJIOBUSAM. B
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3TOM CJIy4ae BHIOMpAIOT Haubosee paloHalbHOE pelieHre (Harmpumep, 1mo
CTOMMOCTH, 10 rabapuTam, 1o Macce, o YUCiIy JeMEeHTOB U T. 1.) Kpome Toro,
(buU3MYECcKOro peleHnss MOXKET He CYIIeCTBOBATh BOOOIIIE, TaK KaK U3
CYILIECTBYIOIIUX PEAIbHBIX 3JIEMEHTOB HE BCEI/1a MOXHO MOCTPOUTD
AIEKTPUUECKYIO 1I€Tb, YOBIECTBOPSIOILYIO 3aIaHHBIM YCIIOBUSIM.

[TycTh TpeOyeTcsi CUHTE3UPOBATh JIEKTPUUECKYIO LIETIb, JIJIs1 KOTOPOl 3aJ1aHbl Bpe-

MEHHBIE XapakrepucTHku Ha Bxoze: u(¢) =100sinwt, i(t) =1sin(wt —30?). Kowm-
IUIEKCHOE COMPOTUBIICHUE ¥ KOMILJICKCHAS IIPOBOJAUMOCTh TaKOM 1SN PABHBI:

U 100e’ |
Z==m = _100e’ =86,7+ j50= R+ jal
lm 1e J ’
-730
y=in _le —=0,01e7% =0,00867 0005=— 1 1,1
U 100e’ 115 j200 R jaL

[Tomy4yeHHBIM 3HAYEHUSIM 7151 Z U Y COOTBETCTBYIOT JIBE PA3JIUYHBIE CXEMBI
3amenieHus nenu (pucyHok 195a, 0):

] R=86.7 ml=50 J

A=115 L =200

a) 6]
Pucynox 195

[lycTh BpeMEHHBIE XapaKTEPUCTUKU LENN HA BXOJE UMEIOT BUL:

u(t)=100sinwt, i(t)=1sin(wt—-120"). KommnekcHoe CONPOTHBIEHHE TAKOM
LIETIH PABHO:

7 Un _ 100e”’

= le /120

JlanHast 11emb Ha OCHOBE TACCUBHBIX 3MeMeHTOBR, L u C ¢usndecku
HEepeaIn3yeMa, TaKk KaKk B IPUPOJAE HE CYLIECTBYET PE3UCTOPOB C OTPULIATEIBHBIM
COITPOTUBIICHUEM.

C 3amayaMy CUHTE3a Ha MPAKTUKE BCTPEYAIOTCSA MPU TMPOECKTUPOBAHUHU
CJIIOKHBIX (PUIBTPOB, KOPPEKTUPYIOUIMX YCTPOMCTB B PAAMOTEXHUKE, TEXHUKE
CBSI3U, aBTOMATUKE U TEIIEMEXAHUKE.

CHHTE3 2IEKTPUYECKUX LENEN Pa3BUBAJICS MO HECKOIBKUM HAIlPaBIICHUSIM:

1) cuHTe3 1enU, 3aJaHHOM ONePaTOPHON BXOAHOM XapaKTEPUCTUKOM;

2) cuHTE3 Ienu, 3aJaHHOM BpPEMEHHOW XapaKTepUCTUKOW B BHUIE
pEaKUMM LENMHA HA BO3JACUCTBUE MUMITYJIbCA HANIPSKEHUS WA TOKA MPSMOYTOJIbHOM
dbopMbl, U Ap.

Hawnbonee mpocThie pe3ynbTaThl MONYYEHBI MO TEPBOMY HANPABJICHHIO,
KOTOpO€ M OyJIET B JAJIbHEHUIIIEM PaCCMOTPEHO.

=100e’"*’ =50+ j86,7 =+ jwL
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13.2 CBoiicTBa BXOJAHBIX ONIEPATOPHBIX QYHKIMIA MACCHBHBIX
IEKTPUYECKHUX Lenen

Bxoanoii ¢QyHkumeil menu (IBYXMOJIOCHHMKA) HA3bIBAETCS BXOJHOE
OMEepaTOpPHOE COMPOTUBIICHHE Z(p) WM BXOJHAS ONEpAaTOpHAas MPOBOJAMMOCTH

Y(p). IlycTs 3a1ana onepaTopHas cXxeMa HEKOTOpO# Lenu (pucyHok 196):

Rl 2

Z(p)
pL ——1/pC

Pucynoxk 196

BXOI[HO@ O1ICPaTOPHOC COMMPOTUBICHUC CXCMBbI 6y,Z[CT PaBHO!

(R + pL)(R, +plc)

_LCR,p*+(RR,C+L)p+R, _ N(p)

Z(p) = _
(P) LGP +(RC+R,.C)p+1  M(p)

1 T e
(R, +pL)+(R, +—)
pC

Takum oOpa3oM, BXOJHOE OMEPATOPHOE COMPOTHBICHUE Z(p) WU

BXOJHYIO OIIEPaTOPHYIO MHPOBOAMMOCTh  Y(p) nid mroGoil cXeMbl MOKHO
IIPEICTABUTE B BUJIC OTHOLICHUS [IBYX IOJMHOMOB:
n n-1
N(p) _ anp +an—1p +“‘+a1p+a0

7(p) = —
(P) M(p) b,p"+b p" " +..+bp+b,’

Bxoansie oneparopHsie GyHKIMHU 001a1at0T CIAEAYIOINIMMHU CBOMCTBAMMU:

1)Bce koadpurueHTsl a, u b, B UMCIUTENE U 3HAMEHATeIe BhIpaxkeHust Z(p)
JOJKHBI  OBITh BEUIECTBEHHBIMU W TOJIOKUTEJIbHBIMUA YHUCJIAMH, TaK KaK OHHU
o0pa3yloTcsi CcyMMaMu, TMPOU3BEACHUSIMH W YAaCTHBIMU OT BEIIECTBEHHBIX
napameTpoB dJ1eMeHTOB R, L u C;

2)HauBBICIIAsl CTETICHb YHCIUTENS JIOJDKHA OTIWYAThCS OT HAWBBICIIEH
CTETNIEHU 3HaMEHaTels He OoJee, 4yeM Ha 1;

3)Hynu ¥ OMOCkl GYHKINUA Z(p) TOTKHBI UMETh OTPUIATEIHHYIO BEIECT-
BEHHYIO YacCTh;

4)npu  3ameHe  omeparopa Jlamnaca  Ha  omepatop — Dypbe
(p=0+jo= jw) BeuecTBeHHas  YacThb  (PYHKIUH  JOJDKHA  OBIThH

nonoxureibHoi: Re[Z(p)]=Re[Z(jw)]=0.
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Hynsamu ¢ynkiun Z(p) Ha3bIBalOTCS KOPHU p, ypaBHeHus N(p)=0, mpu
MOJICTAHOBKE KOTOPBIX 3HaueHue (QyHKUUH paBHO HYIIO: Z(p,) =0. Ilomocamu
byHKIIMU Z(p) Ha3bIBAIOTCA KOPHU p, ypaBHeHus M(p)=0, mpu 1OJCTaHOBKE
KOTOPBIX 3HaueHHE (YHKIIMU paBHO OECKOHEYHOCTH: Z(p,) =%©. U3BecTHO, 4TO
CBOOOJIHBIE COCTAaBIISIOIIME MEPEXOJHOTO Mpolecca B JIIEKTPUUECKOW Lenu
OIMCHIBAIOTCS CllaraeMbIMu Buaa A.e’” u 00sA3aTeNbHO JOJKHBI 3aTyXaTh BO
BPEMEHHU, YTO BO3MOXHO TOJIbKO, €CIM JIEWCTBHUTENIbHAsI 4YacTh KOPHEH p,
OTpHUILIATEINbHA.

ITpu 3amene onepatopa Jlamnaca Ha onepatop Pypee(p =0+ jo = jo)
OIepaTOpHOE COMPOTUBJIEHUE Z(p) MPEBpAIIAETCA B KOMILIEKCHOE COMPOTHUBICHUE
Z(j w=R+jX, BemiecTBEHHas1 YaCTh KOTOPOI'O paBHA aKTUBHOMY COIPOTUBJIEHUIO
R, xOTOpOE HE MOKET OBITh OTPUIIATEIILHBIM.

OyHKIMK, 00Jalaloliie TEPEeUrnCICHHBIMU CBOMCTBAMM, HA3BIBAIOTCS
MOJIOKHUTEJIbHBIMUA BEUIECTBEHHBIMU (PYHKIUSAMU. TOJIBKO Takue (QPYHKIUU MOTYT
OBITh pean30BaHbl B BUIEC KOHKPETHOM JIEKTPUUECKOM LIETIH.

13. 3 CunTe3 ABYXIOJIIOCHUKA JIECTHUYHOM (LIeMHOM) cxeMoii

HenpepriBHOH Ap0oObIO Ha3bIBAETCA MATEMATHUECKOE YpaBHEHHE BUA:

D= !

a—+

b+1

cH+...

[TycTh anexkTpuueckas 1enb UMEET JIECTHUYHYIO (LIEMHYI0) CXeMY (PUCYHOK
197).

MeTroioM CBEpPTKM BBIpa3UM BXOJHOE CONPOTHUBICHUE U BXOJIHYIO
IPOBOJIUMOCTH LIEMTHOM CXEMBI:

Z =7+

6X
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Pucynoxk 197

BxonHoe compoTHBIEHHE M BXOJHAs MPOBOJAMMOCTb LEHNHOW CXEMBI
BBIPAXKAETCSI YpaBHEHHEM, KOTOPOE MMEET CTPYKTYPHYIO (pOpMy HENpepbIBHOU
JTpoOH.

Takum oOpa3om, 3azaya CHHTE3a JBYXIIOJIOCHHMKA, 33JaHHOIO BXOJHOU
Np) wm Y(p) = Mp)
M(p) M(p)
GYHKIIMM K BUAY HENPEPHIBHOM JpoOM M TOCHEAyIolEeMy Tepexony K
COOTBETCTBYIOIIEH ATON APOOU LIEITHON CXEME.

B maremartuke pazpaboTanbl criocoObl mpeoOpa3zoBaHus IPOCTHIX APOOEH K
BUy HempepwhiBHOW npobu. [lopsmox Takoro mnpeoOpa3oBaHWs TIOKa3aH Ha
KOHKPETHOM IIPUMeEpE:

byuknuenn Z(p) = , CBOJIUTCSI K TIpe0Opa30BaHUIO 3TOM

D=ﬂ=1+£=1+3—10=1+ 18 =.=1+ 11
300300 28 5,0 24—
11 11 14+
1
24—
1+—
2
[To anamoruuHoi ¢opMe BBINONHIETCS MPEoOpa3oOBaHHE K BHIY
N
HETPEPBIBHONW  JPOOM  BBIPAKEHHH BXOIHBIX  (DYHKIHIA Z(p)=% WITH
p
_ N
Y(p)= M(p) [Tporiecc mpeoOpa3oBaHUsl MOXHO MPEICTABUTH CJICIYHOIIUM
p
obpazoM:

1) pacnonararoT noauHoMbI N(p) u M(p) nubo mo yObIBaronum, OO0 10
BO3PACTAIOIINM CTETICHSIM p;

2) gensat N(p) Ha M(p) Kak MHOTOYIEH Ha MHOTOWIEH, B pe3yJbTare
MOJIy4aroT YacTHOe Y (p)u HEKOTOPbIK ocTaTok Oy (p);

3) ngensat M(p) Ha ocratrok O;(p) KaKk MHOTOYJIEH HAa MHOTOYJICH, B
pe3yJibTare Mojy4aroT yacTHoe Y,(p)u HekoTophlit octaTok O, (p);

4) ¥ T. A. NPOJIOJIKAIOT MPOLECC JAEICHUs A0 MOIYYEHUs: YacTHOro 0e3
OCTaTKa;

5) B COOTBETCTBUHU C MOJYYEHHON HEMPEPHIBHOW APOObIO COCTABISIOT
HEMHYI0 CXeMY 3aMelIeHUs B onepaTopHoi popme;
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6) mepexomaT K (UIMYECKHM TapamMeTpaM »JJIEMEHTOB CXeMbl (K
AIEKTPUUECKOU cXeme) Ha OCHOBE bopmyn COOTBETCTBHUSI:

Zy(p)=R; Z, (p)=pL; Z.(p) =L.
pC

Ha ocHOBaHMM W3JIO)KEHHOIO IMPOILECC IOCIEN0BATEIBHOIO JIEJIEHUS
MOYHO IIPEACTABUTH CIIEIYIOIIEN CXEMOU:

\V ....... N Z, N
M [0
........... \VO1Y Y,
o o > BBIXOJTHBIC
Y
v L Z;, ——> BeJIMYMHEL
0, [0u
OsYy |Y, _ )

[Ipn neneHun MHOTOWIEHA Ha MHOTOWIEH CJEAAT 3a TEM, 4YTOObI B
IpoIECCe AENEHUSI B YAaCTHOM COJAEPIKAIUCH TOJBKO MOJIOKUTEIbHBIE UICHBI, U
9YTOOBI OHHU HE COJIEPKaIl MHOXKHUTENb p B CTENEHH Oosbiie 1.

13.4 CuHTe3 ABYXIOJIIOCHUKA METOJ0OM PAa3JI0KeHHsI BXOAHOM
¢GyHKUMM HA TPOCTeHIlne COCTABJISIOIIME

N N
Mp) wm Y (p) = Np)
M(p) M(p)
MaTeMaTHYECKHA MOKHO Pa3JIOKHUTh Ha IPOCTHIE ClaraeMsle 1o (popme:

( ) 1(p) C Ak
=) _ g, A prd >
2PV =y = APty T AP AL

[lepBbie 1Ba craracMbie BBIICNISIOT U3 BXOAHOW (yHKImuZ(p) mnyTem
nenenus N(p) Ha M(p) KaKk MHOTOWIEH Ha MHOTOYJIEH C LIEJIbIO TMOHUKEHUS
noKasaTelsiss YUCIUTENsS 10 3HAYeHHs n=m—1, B pe3yJbTaTe MOJy4arOT YacTHOE

A,p+Aym wexoropelii octatok Ni(p). OcTarok (YHKIMH pPacKIaJbIBalOT Ha
MPOCTHIE ClIaraeMble 10 I/I3BeCTH0171 B MaTeMaTuKe GopMyJie pa3ioKeHHUS:

_ Nl(p)
A=y (p) Tp-p

BripaskeHne st BXogHO#H bynknmn Z(p) =

N, (p;)

rae pi, p» ...Pm — KOpHU ypaBHeHus M(p)=0, Ay =——— M(p,)
k

K03 PUITMEHTBI, onpeiesieMble COINIACHO (hOPMYJIE Pa3IOKEHUS.
[Tocne pasznoxkeHuss BXOJAHOM (PYHKIIMU Ha MPOCTHIE CIAraeMble KaXKIOMY
claraeMoMy MoAOHUpalOT COOTBETCTBYIOIIMA €My y4YacTOK OINEpPaTOPHON CXEMBI,
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OTJICIbHBIC YYACTKH COCIAMHSIOT MEXKIy COOOW IMOCIIEeIOBATEIBHO I (PYHKIIMH
Z(p) M mapamienabHo s GyHkimu Y(p), 1 TakuM 00pa3oM MOJy4arT CXeMy
IIETTH, COOTBETCTBYIOIIEH BXOHON (DYHKITHH Z ( p) unu Y(p).

Paccmotpum  mpocredmine  cXeMbl  COCIMHEHUS  JJIEMEHTOB U
COOTBETCTBYIOIIIME UM OIEPaTOPHbIE N300PAKEHUS.

 Z(p) =] R _1
R

zZ

=11
T
i)
+
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PaccmoTtpuMm, kakuM 00pa3oM MOXET OBITh pEaJM30BaHO Kaxa0e
cimaraemoe BxonHOW (ynkuuu Z(p). IlepBomy crmaraemomy A, p COOTBETCTBYET

KaTylIka WHIYKTUBHOCTH L= A, , Tak kak Z,(p)=Lp. Bropomy cinaraecmomy

A, cootserctByer pesucrop R=4,.
Ecnu cpenu xopHeit p, mmeercs KopeHb p, =0, TO €ro MoJACTaHOBKAa B

A
GopMyITy pasioXKeHHs JaeT BhIPAKEHUE BHIAa —-, KOTOPOE B CXEME MOXKET OBITH
p

1 1
peanu3oBano Konaencatopom C=—  tak kak Zc(P)=—.
A, pC

Ecnu cpeamn kopHel p, UMEIOTCSI MHUMBIE CONPSIKEHHBIE KOPHU p, = j® U
py=—j®, TO WX TOJCTaHOBKA B (OPMYITy pAa3JIOKECHUS [AeT CIEIyIoIee
BbIpaxeHue (A4, =4, =4,):

4, N A, _ 24, -p
. . 2 2

p—jo ptjo p -0

KOTOPOMY COOTBETCTBYET MapasliesIbHbI PE30HAHCHBIM KOHTYP, COCTOSIIINMN U3

LucC l =24 o’ = L
DJIEMEHTOB L U C, 1j11 KOTOPOTo I + U c

Eciu cpenu kKopHEW p, UMEETCA BELIECTBEHHBIM OTPUUATEIBHBIN KOPEHb

p, =—b, TO ero mojactaHoBka B (HOpMySy pasIOKEHHUS /1aeT BhIpAKCHHUE BUIA
4,

p+b’

KOTOpPO€ MOXKET OBIThb peaJu30BaHO CXEMOW C TapauieIbHBIM

1 1
COCANHCHHUEM JJIEMCHTOB RucC IIpHU COOTHOILICHNH Ak = E , A b= R_C .

Cnaraemble, COOTBETCTBYIOIIME KOMIUIEKCHO COMPSKEHHBIM —KOPHSIM
pk=-b* jo,, moryr ObITh peanM30BaHbl 00JIcE CIOKHBIMA METOIAMH,
PacCMOTpPEHHE KOTOPBIX 3/1€Ch HE TPUBOJAUTCS.

14 HeavHeliHbIE e MOCTOAHHOI0 TOKA
14.1 HesinHeliHbIE 3JIEMEHTDbI, MX XaPAKTEPUCTUKH U MaPaMeTPbI

B Teopum mnMHEHHBIX LENed IPEeAnoyarajgoch, 4YTO IapaMeTphl BCeEX
AJIEMEHTOB LIENH SBJSIOTCS NOCTOSHHBIMU BEIMYMHAMU, HE 3aBUCAIIUX OT TOKOB U
HanpspkeHuil.  Kaxnomy  waeanbHOMY — 3JIEMEHTY  LIENM  [PUIIMCHIBAIOCH
ONPEIEICHHOE 3HAYCHUE €ro IapaMerpa: PE3UCTOpPY — COIPOTUBIEHHE R
KAaTylIK€ — HWHIYKTUBHOCTH L, KoHAeHcaropy — eMmkoctb C . dusmyeckue
XapaKTEPUCTUKU TaKuX d3JEMEHTOB (u=R-i — s pe3ucropa , y =L-i — mid
Karymku, ¢g=C-u — JJI1 KOHAEHCATOpa) ONMKUCBIBAKOTCS YPABHEHUEM MPAMON JIMHUN
Yy = aXx, MOATOMY TaKH€ 3JEMEHTbl NOJYyYWIM O0llee Ha3BaHWE JIMHEHHBIX, a
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AIEKTPUYECKUE IEMU, COCTOSIIME W3 TaKUX DJIEMEHTOB, TaKK€ HAa3bIBAIOTCS
JIMHENHBIMH.

N neanbHbIX JTUHEWHBIX JIEMEHTOB B MPHUPOJE HE CylIecTBYeT. B neiicTBu-
TEJIBHOCTH IapaMeTpPbl BCEX JJIEMEHTOB B TOW WIIM MHOW MEpPE 3aBUCAT OT MX
(bu3MYEeCKOro COCTOSIHMS, T.€. OT TOKa, HamNpsbKeHWs, Temneparypbl. Ecnu sta
3aBUCUMOCTH BbIpa)K€Ha HE3HAUUTEILHO, TO €10 MPU pacyeTe Lernen npeHeoperaroT
Y DJIEMEHTHI CYUTAIOT JIUHEUHBIMHU.

OpmHako CymecTBYET OOIIMPHBIA KIJIACC AJIEMEHTOB AJICKTPUYECKUX IICTICH,
napaMeTpbl KOTOPBIX CYIIECTBEHHO 3aBUCAT OT TOKAa W HANPSKEHUS U ITY
3aBUCUMOCTh HEOOXOJMMO YYHTHIBATH MPH pACUETE DJICKTPUICCKUX Ieneid. Takue
JIEMEHTHI TIONYYWJIM Ha3BaHWE HEJIWHEWHBIX, TaK Kak uX (usnyeckue
XapaKTEPUCTHKNA HE MOTYT OBITh OMUCAHbI ypaBHCHUEM MPsSMOM MuHUH. Takum
AJIEMEHTaM HEb3sl MPUJATh ONPEIEICHHOE 3HAUEHUE MapaMeTpa CONPOTUBICHUS
R, uaayktuBHOCTH L M emkoctu C. C HENbIO OTINYNSA HEJTUHEWHBIX 2JIEMEHTOB OT
JUHENUHBIX Ha DJJIEKTPUUECKMX CXEeMaX Ha OOO3HAYEHUE BJIEMEHTa HAHOCATCS
JOTIOJTHUTENBHBIN 3HaK “Kitorka” (pucyHok 198):

u(i) ¥l a(u) |
1/ — I
a) 6) B)

Pucynoxk 198

[Ipu pacuere FNEKTPUUECKUX LIETIEH HETUHEHHBbIE 3JIEMEHTHI 3aJal0TCA UX
(bU3MYEeCKUMHU  XapaKTepUCTUKAaMU B  HCCIEAYEeMOM JUana3oHe 3HauyeHUi
bu3nYecKux mapamMeTpoB. ITU XapaKTEPUCTUKHU MOJTYUUIIU CIAEAYIOINE Ha3BaHUS:
a)uns  HenuHeWHoro pesuctopa  u=f(i) wm i=f(u) — BoJBT-amMmIEpHas
XapaKTepUCTHKA WM cokpamieHHo BAX; 0)mia HenuHenHoM KaTymku y=f(i) uim
i=f(y) — BeOep-aMmiiepHasl XapakTepUCTHKA WU cokpamieHHo BAX;  B)mis
HEJTMHEWHOT0 KOoHJIeHcaTopa ¢ =f(u)unu u=f(q) — KyJ0H-BOJIbTHAsI XapaKTEPUCTHKA
unu cokpanienno KBX.

duznyeckre XapakKTePUCTUKN HEJIMHEUHBIX 3JIEMEHTOB MOTYT OBITh 3aJJaHbI
TpeMs CIOCOO0aMU:

1) rpaduyeckort nuarpamMmmoit GyHKIMU Y=f(x) C yKa3aHHEM MaciITaboOB
bu3NYeCKuX BETUYMH IO KOOPJAMHATHBIM OCSM, HANpUMEp, I HEITUHEHHOTO
pesuctopa BAX u=f{i) noxazana na pucynke 199;

2) Tabnuiielt KoopAMHAT ToueK QYHKIMH y=f(X) B HCCIETyeMOM JHAMa30HE
3HaYCHUN (PU3NYECKUX BEJIUYMH, HApUMeEp, JUIs HeluHeiHoro pesucropa BAX
u=f(i) 3agana tabm. 1;

3) B BHJI€ HETMHEWHOTO MaTEeMAaTUYECKOTO YpaBHEHHUS )=f(Xx), KOTOpoe Mpu-
ONMMKEHHO OMUCHIBACT (PYHKIMIO B HCCIEAYEMOM JHana3oHe 3HAYCHUU
bu3nyeckux BENWYMH, HaNpuMmep, s HelauHeiHoro pesuctopa BAX  u=fi)
3anaHaypaBHeHneM u=1007".
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LA

1,0
n
@
| | | |
0 25 50 75 100 u,B
Pucynox 199
Tabruya I
i, A 0,3 0,5 0,7 0,8 0,9 1,0 1,1
u, B 9 25 49 64 81 100

JUIst KaXJI0M TOYKM XapaKTEPUCTUKH HEJIMHEWHOIO 3JIEMEHTa MOTYT OBITh
ompezeneHsl  craruyeckue W auddepennmanbapie  mapamerpsl. s
paccMaTpMBacMOIro IpUMEpa HEIMHEWHOTO PE3UCTOpa B  KAXKAOW TOYKE
XapaKTepUCTHKU u=f(i) MOTYyT OBITh ONpEeIeJeHbl cTaTuueckoe u audde-
PEHLIHUAIBHOE CONPOTUBIICHHUS:

d
R, ="=""1ga R, =" =""1gp
L i

m, di m

1
Kax crarnueckoe Tak u auddepeHmaibHOe COMPOTUBICHUS HETMHEHHOTO
pe3ncTOpa 3aBUCST OT MOJI0KEeHUs Touku Ha BAX, T.e. oT mapameTpoB pexuma (i,
). Kak cieayer w3 Tpaduyeckoi guarpammbl (pucyHok 199) s

paccmaTpuBaeMoil Touku na # f u, caenosatensHo, R, # R,. Cratuyeckoe

COIIPOTUBJIEHWE HEIMHENMHOTro pe3uctopa R.,Bo Bcex Toukax BAX Bceraa
NOJIOKUTENBHO (R.,,> 0), a nuddepeHimaibHoe CONMPOTUBICHHE HAa HEKOTOPBIX
yuacTkax BAX MoeT ObITh OTpHUIIATEIbHBIM.

Huxe npuBoasites rpaduueckue auarpamMmbl BAX HEKOTOpPBIX HEMMHEWHBIX
3JIEMEHTOB, HaWOOJie€ YacTO BCTPEYAIOMIMXCA B LEMAX DJIEKTPOIHEPreTUKU
(pucynok200a, 6, B, 1).

Ha pucynke 200a npeacrasiena rpadgudeckas nuarpamma BAX i=f(u) nns
JaMITbl HaKajluBaHUsA. XapakTepHas ocobeHHocTh BAX: yBemnuenue R., ¢
pPOCTOM TOKa, YTO OOBSICHSETCA 3aBUCMMOCTBIO COIMPOTHUBIICHUS METAIOB OT
TemIeparypsl. [l 1JaMIl HaKaJIMBaHUsA Ryop/ Ryon = 10 .
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a) B}

B) r
Pucynoxk 200

Ha pucynke 2000 mpencraBiena rpaduueckas auarpamma BAX i=fu)
TUPUTOBOTO (BHJIMTOBOTO) DJIEMEHTA pa3psAHUKA. XapakTepHas OCOOCHHOCTH
BAX: ymeHnbuienue R, C poCTOM TOKa. DJIIEMEHTHI TAKOIO TUIIA UCIOJIb3YIOTCS B
pa3psAHMKAX AJIs TallleHus TyTH.

Ha pucynke 200B mpenctaBnena rpaduueckas guarpamma BAX i=f{u)
AIIEKTpUYECKO Ayru. XapakTepHas ocobeHHocTh BAX — mamatomas gopma c
OTpHULIATENbHBIM 3HaueHuEM AuddepeHnanb-Horo conpoTuniaeHus (R, < 0).

Ha pucynke 200r npencrabineHa rpaduyeckas guarpamma BAX  i=f(u)
MOJIyIIPOBOJHUKOBOrO nuoAa. BAX vMeeT sipko BBIPAKEHHYI0 HECUMMETPUUYHYIO
dbopMy B TOJOXKHUTEIBHOM M OTPHUIATEIBHON  00JIaCTSIX, TPU ITOM R <<R,.
DJIEMEHThI TaKOTO THUIIA MIPUMEHSIOTCS JIJIsl MpeoOpa3oBaHusl IEPEMEHHOTO TOKA B
IIOCTOSIHHBIH.

Kak W3BECTHO, B AJIEKTPUYECKUX ILEMSAX IOCTOSHHOIO TOKAa KATYIIKH U
KOH/ICHCATOPbI HE BIIMSAIOT Ha YCTAHOBUBIIUICS PEXHUM IENH U B CXeMaxX TaKHX
uenei He mnokasepiBarorcd. [lanee B Hacrosimieil rinaBe OyayT paccMaTpHBAThCS
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TOJBKO HEJIIMHEHHBIE IENU MOCTOSHHOTO TOKAa B YCTAHOBUBIIEMCS PEKUME, JJIS
KOTOPBIX MPUHATHI 0003HaueHust i—1, u —->U.

14.2 HesinHelHbIE LIeNH M UX CBOWCTBA

DJNeKTpUYeCcKasi 1IeMb HA3bIBAETCS HEJIMHEWHOW, €CJIM OHA COJIEPIKUT XOTS
ObI OIMH HEJIMHENHBINA DJIEMEHT.

CocTosiHME HEIUHEMHOW 1eNnu IMOCTOSHHOIO TOKAa B YCTAaHOBUBIIEMCS
peXKUME MOXKHO OINHCATh CUCTEMON HENMHEHHBIX aiareOpanvyeckux ypaBHEHHIA,
COCTaBJICHHBIX JUIsi CXeMbl Henu mno 3akoHam Kupxroda. B maremaruke He
CYIIECTBYET  CTAHJAPTHBIX  METOJIOB  PEUIEHUS  CHUCTEM  HEJIMHEHHBIX
anredpanvyeckux ypaBHEHHWH, W, KakK CIEJICTBHUE, Ha MPAKTUKE HE CYIIECTBYET
o0ILIMX METOJOB pacyeTa HEJIMHEHHBIX Ierneil MOCTOSIHHOrO TOKa, TaKWX, Kak
METO/i KOHTYPHBIX TOKOB M METO/I Y3JIOBBIX MOTEHIIUATIOB JJI TUHEHHBIX LIETICH.

OpHa U3 riIaBHBIX OCOOEHHOCTEW HETMHEHHBIX IIeNel COCTOUT B TOM, YTO K
HUM HENPUMEHUM TMPUHLMN HAIOXEHUs. J[oKaxkeM 3TO MOJIOKEHHUE Ha MPUMEpE
pacueta cxeMbl (pucyHok 201), B KOTOpOil BKJIIOYEHBI MOCIEIOBATEIBHO JIBA
ncrounnka IJIC (E,, E,) ¥ HenMHeHbIH pe3ncTop ¢ 3agannoit BAX I = kUP.

l .'.1=.F(E12

2 (D 5

) E, I=k{E,+E5)
—

o2
() I.=kE,

De b

a)
6)
Pucynok 201

JIeliCTBUTENBHBIN TOK B UCXOJHOU cxeme (pucyHok 201a) onpenenurcs no
3aJlaHHOMY ypaBHEeHHIO BAX:

[ =kU2=k(E,+E,) =k(E’ +2EE, +E,”).

Tok, paccunTaHHbIN 110 METOAY HasloxkeHus (pucyHok 2010):
[, =1,+1,=kE’ +kE,’ =k(E +E,").

CpaBHeHHe NPaBbIX YacTeil paBeHCTB MoKaspiBaet, yto [ # 1.
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Meton pacuera ISI KaXKJIOW HEJIMHEWHOW MENMUA MOCTOSIHHOIO TOKa
yCTaHaBJIMBAETCA UHIMBHAYalIbHO. BBIOOp TOro uiau Apyroro MeToja 3aBUCUT OT
KOHKPETHBIX YCIIOBUH 3aJa4M: CTPYKTYPbI CXEMBI LIENU, XapaKTepa HEJTUHEUHOCTH
BAX HenmuHEHHBIX >JIEMEHTOB, TpPeOOBaHWNM K pe3yJabTaTy pacuera H Jp.
B03MOXHO NMPUMEHEHUE HE OJHOTO, 4 HECKOJIBKAX METOA0B, KaXKAbId U3 KOTOPBIX
No3BOJIsIET O0JIee YeTKO OMPEIETUTh OJIHY U3 CTOPOH Mpolecca B LEIH.

B HenuHENHBIX 1EernsX MOTYT BO3HUKATh OCOOBIE MPOIECCHI, KOTOPHIE B
MIPUHITUTIE HEBO3MOXKHBI B JIMHEHHBIX IMeTsiX. MHOTOOOpa3neM TakuxX IMPOIEeCcCOB
OOBSCHSIETCS MIMPOKOE NPUMEHEHUE YCTPOWCTB Ha HEIMHEWHBIX DJIEMEHTaX B
pa3nuuHbBIX 00JacTsIX coBpeMeHHOW TexHHKU. COBpEMEHHBIE CpEICTBA CBA3H,
PAIUOIEKTPOHUKA, KOMIIBIOTEPHAs TEXHHWKAa OCHOBAaHbl Ha HCHOJb30BAaHUU
HEJIMHEWHBIX CBOMCTB 3JIEMEHTOB JIEKTPUUECKHUX LIETICH.

[lepeunciuM HEKOTOPBIE SIBJICHUS, UMEIOIIUE MECTO B HEJIIMHEWHBIX LIEMSX,
KOTOPBIE HAXOJAT MPAKTUYECKOE MPUMEHEHUE B DJIEKTPOIHEPIETUKE:

1) nmpeobpa3oBaHue NEPEMEHHOIO TOKA B MOCTOSTHHBIN UM BBIIPSIMIICHHE;

2) npeoOpa3oBaHUE TMOCTOSHHOTO TOKa B TIEPEMEHHBIM MPOU3BOJILHOM
YaCTOThI WJIM NHBEPTUPOBAHUE;

3) npeobOpa3oBaHHe MEPEMEHHOIO TOKA OJIHOM YaCTOThI B MEPEMEHHBIN TOK
JIPYrof 4acTOTBHI;

4) crabuiau3amus PEKUMHBIX TapaMeTpoB (HANpPsOKEHHWS WM TOKa) Ha
HEKOTOPBIX ydYacTKaxX LENu NOph H3MEHEHUU OHTUX MapaMeTpoB Ha JAPYTrHX
Y4aCTKaX;

5) Tpanchopmaiys MOCTOSHHOTO TOKA U HAIPSXKEHUS;

6) yCuJIEHHE CUTHAJIOB IO HANPSKEHUIO, 110 TOKY WM IO MOLIHOCTH;

7) BO3MOKHOCTh CYIIIECTBOBAHUSI HECKOJIBKHX YCTAHOBUBIIHMXCS PEXUMOB
LEMNHU MPU OJHUX U TEX K€ MapaMeTpax 3JIEMEHTOB;

8) cKkaukoOoOpa3Hble U3MEHEHUS PEKUMa 1ENH; U T.]I.

14.3I'padpuyecknii MeTO pacyeTra NPOCTHIX HEJIMHEHHBIX HeMNel

CymHocTh rpa)uuecKkoro Merojia pacdyera COCTOUT B TOM, YTO PEILICHUE
HEJIMHENWHBIX ypaBHEHUMH, COCTaBJIEHHBIX s CXeMbl IO 3akoHam Kwupxroga,
BBITNOJHACTCS TIpaUyecKu MyTeM IpaUUEeCcKOro CIOKEHHUS COOTBETCTBYIOLIMX
BAX s1emMeHTOB.

[lycTh HenMHEHAsA LEenb COCTOUT U3 JABYX HEIMHEHHBIX 3nemMeHToB HO1 u
HD2, BiroueHHbIX nocaeaoBaresibHo ¢ uctouHukoM JDJIC (pucynok 202a). BAX
HEJIMHEWHBIX 3JIEMEHTOB 331aHbl rpaduuecku (pucyHok 2020).
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i N u(n Ui

f
i H3, HY , i
[ /— 1
_7
th t,
(D=
/ y
th i, 3
a) 6)

Pucynoxk 202

VYpasuenus Kupxroda nns cxemsr: Uy + Up=E; [, =L =L

B cooTBeTCTBUM ¢ ypaBHEHUSIMU MPOU3BOAUTCA ciioxkeHne BAX oTaenbHbIX
sanemenToB U;(H)u U,(I)io ocu HampsbkeHUM (MOCIeNoBaTeNbHO), B PE3YIbTaTe
yero nonyvaerca BAX nns Bcelr cxemsl U(/). Ha 3ToM xapakTepucCTHKE MJis
3HaueHus: U=FE omnpepaensercs nojoxeHue padboueit Touku x. [locnenoBarenbHOCTD
rpaduueckoro peuieHus mokasaHa Ha pucynke 2026 crpenkaMu.

[Iycts HenMHEWHAs LENb COCTOMT M3 JABYX HEJIUHEHHBIX 3JieMeHTOB HO; u
HD,, BxitoyenHbix napamwienbHo ¢ uctounukoM JJ[C E (pucynok 203a). BAX
HEJTMHEWHBIX AJIEMEHTOB 3a7aHbl rpaduuecku (pucyHok 2030).

{

; n HY)
1,
nl le h h{U)
L)
a) 6) g
Pucynoxk 203

VYpasuenus Kupxroda mis cxemsr: [; + 1, =1 U=U,=E.
B cooTBeTcTBUM ¢ ypaBHEHUSIMU POU3BOAUTCA ciioxkeHne BAX oTaenbHbIX
anemeHTOB /1(U) u ,(U) no ocu TOKOB (IIapaJuIeNIbHO), B PE3YJIbTATE YETO MOJTyda-
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ercis BAX nns Bceit cxembl [(U). Ha 3TOil XapakTepUCTHKE [Jisi 3aJaHHOTO

3HaueHus U=FE  omnpexaensieTcs  MojiokeHWe  pabodyedt  TOYKH n.
[TocnenoBarenbHOCTh Tpaduueckoro pelmieHus MokKa3aHo Ha pucyHke 2030
CTpEIKAMHU.

[Tycth HenmuHENHAs 1eNb COCTOUT U3 JIByX HEIMHEUHBIX 3yeMeHToB HO1 u
HD2 u nuneitHoro pesucropa R;, BKIIOYEHHBIX 10 CMEIIAHHOM cXeMme (PUCYHOK
204a). BAX HenuHEMHBIX 3JIEMEHTOB 3aJaHbl Tpaduyecku (pucyHok 2040), a
pPE3UCTOP — CBOMM cCONpOTHBICHUEM R;. [marpamma BAX nna JmHEWHOro
pPE3UCTOpPa CTPOUTCS B TOU KE CHCTEME KOOPAMHAT COIVIACHO YPABHEHHUIO 3aKOHA
Owma U3 :[3'R3

.'. .'.1 (U] 'F-’_'.G'b(”

WLy \ [ i)
- l .'7 s e _;-—’"""Ffﬂ_ ?
C)E H3, R |::| / —1,(L)
I
f’“"d—’f
b | u
i U E
a) 6)
Pucynoxk 204
VYpaBuenust Kupxroda s cxembr:
I,+1,=1
U+U, =E
U,=U,=U,

['paduueckoe peleHue 3agauu BBIMOIHSETCS B jABa 3Tana. Ha 1-om nmepBom
starne npoBoautcs ciaoxenne BAX I,(U,) u I3(U;) mo ocu TOKOB (MapajuiesibHO), B
pe3ysnbTaTe 3TOro cloKeHus mnomydaercss BAX 11 mapajmuienbHOro y4acTka
cxeMbl Uy3(1h). Ha 2-om stane npoBoautcs cioxenne BAX Uj(l;) u U,s(I;)no ocu
HanpspKeHU# (IoCiIe0BaTENbHO), B pe3yibpTaTe yero nomydaercs BAX s Beei
cxembl [(U). Ha »roii xapakrtepuctuke st U=E onpenensieTcs MOJIOXKEHUE
pabGoueii Touku n. JlanmpHeHIIas MOCIEA0BATEIbHOCTh TPapUUECKOTO peIIeHUs
noka3aHa Ha pucynke 2046 ctpenkamu.

14.4 I'paduyeckuii MeTo] pacueTa HeJTUHEHHOM HEMUC HECKOJIbLKUMH
ucrounnkamu IJC
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I'padmueckuit MeTon pacueTra MOXKHO TNPUMEHATh TakXke W i Oolee
CIOXHBIX CXeM ¢ HeckoJibkuMu uctouyHukamu OJIC. IlocnenoBaTenbHOCTH
rpaduueckux ornepanui OpU pelIeHuHd OJHOW W TOM K€ 3a7aud MOXET ObITh
Pa3IMYHOM U 3aBUCUT OT BHIOOpA aJrOpUTMa PEIICHUS.

BeigenuM u3 cxembl 1Lienud BETBb, coepxkainyto uctouHuk JIJIC E wu
HeJTMHEeWHBIN 271eMeHT ¢ 3aanHoi BAX U(]) (pucynok 205 a).

q —* a —

r 3

A A
— H>
Unh ) Unh 3
E
h b
a) 6)
Pucynox 205

N3 ypaBHenus 2-ro 3akona Kupxroda cnenyer: U, ([)=U{)-E.

B Toii xxe cucreme koopaunar U-I moctpouMm HOBYIO auarpammy BAX U,(1)
nyteM cmenienus 3aganHo BAX U(l) mo ocu U Ha BenuuuHy (—FE) corjiacHO
ypaBHeHUI0 2-To 3akoHa Kupxroda (pucyHokx 206). MoXHO yTBEpKIaTh, 4YTO
HoBass BAX Ug(l) COOTBETCTBYET HEKOTOPOMY HOBOMY HEIMHEHHOMY
anemeHTyHD,, He conmepxkamemy DJIC (pucynok 2056). Takum oOpa3om, BETBb
cxeMbl, cojepxanryro UcTo4HUK OJIC E W pe3ucTUBHBIN (JJMHEWHBIM WU
HEJIMHEWHBIN) DJIEMEHT, MOXXHO 3aMEHUTh IyTeM MapajuieapHoro nepeHoca BAX
U(I) 3amanHoro snemeHnTa Ha BennuuHy DJIC +F HEKOTOpOoM HOBOHM BETBHIO O€3
ucrounuka IJ1C ¢ BAX U,,(I)(pucynok 2056).

U1 uln

Pucynox 206

Ecnun B cxeme conepKuTCs BETBb C MCTOYHHUKOM TOKA J, TO Takass BETBb
MOXKET OBITh OOBEIWHEHA C PE3UCTUBHON BETBHIO W 3aMEHEHa HEKOTOPOH

241



DKBUBAJICHTHOMW, IpU 3TOM cMemmenrue BAX anemeHTa nmpou3BoauTcs o ocu / Ha
Benmunny tJ cormacuo 1-my 3akony Kupxroda s ysia.

[Iycts TpeOyercsi BBHIMOIHUTH pacueT cxembl (pucyHok 207a), B KOTOpoOu
HenuHelHbie 3aeMenTsl HO, u HD, 3agansl cBoumu BAX, a nuHeiHbIN pe3uctop
— conpoTtusieHueM R; ( pucyHok207a).

PaccMmoTtpum 2 BapraHTa penieHus JaHHOW 3a/1auu.

1-plii BapUAHT — METOJI CBEPTKH CXEMBI K OJJHOMY U3 UCTOYHHKOB D/[C, Ha-
npumep E;. Jliist 3TOro 3aMeHuM BETBB 2, COAEPKAILYI0 HEJIMHEWHBIN 31eMeHT HD,
u DJIC E,, HOBOI PKBHUBAJICHTHOM BETBBIO C dJIeMeHTOM HDO», HO 03 MCcTOYHHKA
OJIC. Tlocne Takoil 3aMEHBl CJIOXHAasi CXeMa IPEBPAIIAECTCS B MPOCTYIO CO
CMEIIAHHBIM COEIMHEHUuEM »3ieMeHTOB (pucyHok2070). ['paduueckuit meron
pacuera Takoi CcXeMbl ObUT PAaCCMOTPEH B MpeabIAyIIeM naparpade.

a Q

weo .

l
Haﬂ H3, R*D — Haﬂ HHM R*D
QO O

a) 6)
Pucynox 207

2- BapHaHT PEIIEHUs] — METOJ JIBYX Y3JI0B. 3aJaUMCs MOJ0KUTEIbHBIMU
HaIpaBJIEHUSIMU TOKOB BO BCEX BETBSX CXEMbI OT y3Ja a K y31y b (pucyHok 207a).
Jns xaxaod BeTBU 1mo 2-Mmy 3akoHy Kupxroda 3zanuinem BblpakeHUS s
y3JI0BOT0 HaNpPsHKEHMUS:

»)=U )+ E, (1)
» L) =U,(1) - E, (2)
ab([3):U3(13) (3)
[, +1,+1,=0 4)

['padpuaeckoe pemeHne 3aga4u MPOU3BOIUTCS B COOTBETCTBUU C TOTYUYECH-
HBIMHU YPaBHCHUSIMU B CJICIYIONIEH TTOCIICIOBATEIHHOCTH:

1) crpoutca nuarpamma BAX U,(Il}) nmyrem cmemieHus 3agaHHoi BAX
U,(I)) mo ocu U Ha BenuuuHy +E; cornacHo ypaBHenuto (1) (pucynoxk 208);

2) ctpoutcs muarpamma BAX U,(l,) nmyrem cmenienust 3agaHHod BAX
U,(I,) mo ocu U Ha BenmnuuHy —FE, coryacHo ypaBHeHUIo (2) (pucyHok 208);

3) nmuarpamma BAX Ug,(l;) coBmamaer c¢ 3aganHod Us([z)coryiacHo
ypaBHeHuto (3) (pucynok 208);

4) mpousBoauTcs rpaduyeckoe cioxkenue auarpaMmm BAX oTaenbHBIX
BetBed U,p(lh), Uw(l), Uy(lz)nio ocu I cornacHo ypaBHeHUIO (4), B pe3yibTare
Yero Mnojyyaercs auarpamma pesynbtupytomed BAX U, (X) (kupHas JTUHUS Ha

pucynke 208).
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PaGouass Touka n ynoBieTBOpsieT ypaBHEHUIO (4) ZI =0, wuro

COOTBETCTBYET TOUYKE TIEPECEUEHHUS TUarpaMMbl pesynsrupyromieirt BAX U, (2]) ¢

ocbto U. TlocnenoBarenbHOCTh JaldbHEHIIEro rpaduueckoro pelieHus MoKa3zaHa
Ha pucyHke 208 cTpenkamu.

U‘)fn“)

Ub) Usll:) Uanlh)

I

b

Uor
Pucynox 208

14.5 KomOuHMpoBaHHbIH rpad)0aHATMTHYCCKUH METO pacyera
HeJIMHEHHOM LenH ¢ OAHUM MJIM ABYMS HeJIUHEHHbIMHU 3JIeMEHTAMU

Ecnn cxema HENIMHEMHOM UENHU COINEPKUT TOJIBKO OJWH HEJIWHEHWHBIN
saneMeHT HO ¢ 3aganHoii BAX, TO pacdyeT TOKOB M HampsHKEHWM B TaKOW CXEMeE
MO>KET OBbITh BBINIOJHEH KOMOMHUPOBAHHBIM METOJOM B TPH ATara.

1-i1 sran. Beigenserca BETBb C HEIMHENHBIM 35ieMeHTOM HO, a ocTaBumascs
4acTh CXEMbl 3aMEHSETCS JKBHUBAJICHTHBIM reHepaTopoM (pucyHok 209a).
[TapameTpbl SKBUBAJEHTHOrO TeHeparopa £, u Ry, Mory OBbIThb ONpeaeieHb
aHAIMTUYECKH JIOOBIM M3 METOJIOB pacyeTa JMHEHHBIX LIenei, Tak Kak B
OCTaBIIIEICS YaCTU CXEMBI HE COJiepKaTcs 0oJiee HeTUHEHHBIE SJIEMEHTHI.

I

0 i i

U ﬂfla
£ E-IR,

al 6]

Pucynox 209
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Ha 2-m stame BbmomHsieTcsl TpadUyecKuil pacueT IKBUBAJICHTHOW CXEMBI
(pucyHok 209a), kak mpaBUIO, METOJOM BCTPEYHOTO MOCTpOeHUs auarpamm. M3
ypaBHeHHs1 2-r0 3akoHa Kupxroda s cxembl pucyHka 209a, ciemyer, 4To
U()=E-IR,. a1 rpa@uUUuecKoro peuicHuss ITaHHOIO ABHEHHUS IIPOBOJUTCH

0

npsMasi JIMHUA 1o ypaBHeHuto U = E — IR, B TOU € CUCTEME KOOpPAMHAT, TJIE
3agaHa quarpamma BAX U(/)aenuneriHoro sneMmenTa. [lonoxxenue pabouelt TOUKH
1 COOTBETCTBYET TOYKE MepeceueHus npsaMoi ¢ 3ajganHou auarpammoit BAX U([).
JIOCTOMHCTBO TaHHOTO METO/a COCTOMT B TOM, YTO He TpeOyercs rpaduueckoe
cinoxxenue auarpamMmMm BAX oTaenbHbIX 31emMeHTOB. B pesynbraTe rpaduueckoro
pacyera onpeaeisercs HanpskeHue U v TOK [ HEJTMHEMHOT O AJIEMEHTA.

Ha 3akmtountensHoM 3-M 3Tane HeNWHEHHbIM 3ieMeHT HD B ucxomHoi
CXEM€ B COOTBETCTBUM C TEOPEMOM O KOMIICHCALIMM 3aMEHSETCS HICAIbHBIM
ucrounukom JJIC ¢ E=U, nanpaBieHHOW HaBcTpeuy TOKy [. Takas 3ameHa
IIO3BOJISIET IIPEBPATUTh MCXOJHYIO CXEMY M3 HEJIMHEHHOM B JMHEHHYO0. Pacuer
CXEMBI MOCJIE TAKOM 3aMEHbI BBIMOJHAETCS OAHUM M3 METOJOB pacueTa CIO0XKHBIX
JIMHEMHBIX LEINEH, B PE3yJbTATE YETO ONMPEIACIAIOTCS BCE TOKM W HAIPSKEHUS B
UCXOJIHOMN CXEME.

KoMOuHHpOBaHHBIN METOA pacueTa MOXKET ObITh MPUMEHEH K CIIOXKHOMU
CXeMe C IByMs U 00Jiee HETMHEHHBIMU 3JIEMEHTAMH.

a C a e
h l 71 JIHHe-
JIHHe- o
Hal fﬂ-lﬂﬂ Uxxal:u HHAA ood
4yacTtb
4yacTb
b d h d
a) 6}
Pucynoxk 210

ITycth cnokHas cxema COJCPIKUT JiBa HeIMHEHHbIX eMeHnTa H9; u HO,
(pucyHok 210a).

Ha 1-mM »Tane w3 CIIOXKHOW CXEMbI BBIJEISIOTCS OJHOBPEMEHHO 00a
HEJMHEUHBIX 3JeMeHTa (pucyHok 210a). BeImonHsE€TCS peXUM XOJIOCTOr0 XOJ1a
OTHOBpEMEHHO i1 obemx BeTBed (puc. 3100) W aHATUTHYECKUM ITyTEM
ONPENEIAOTCS HAPSDKEHUS X0I0CTOr0 X0Aa Usxay = @ —p U Uxxed = @ —@4. B
COOTBETCTBUM C TEOPEMOW 00 HIKBUBAJICHTHOM T'€HEpATOpPE JIMHEWHAS 4YaCTh CXEMBbI
3aMEHSIETCS KBUBAJICHTHBIM I'€HEPaTOPOM (AaKTUBHBIM YETBIPEXIOIOCHUKOM) IO
cxeMe pucyHka 211.
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Pucynoxk 211

Buytpennusi conpotusiienusi reHepatopa (R;, R;, R;) pacCuMTHIBAIOTCS
NyTeM CBEPTKU JUHEHWHON YacTu cXeMbl (0€3 MCTOYHMKOB) K HKBHBAJICHTHOU
CXEME 3BE3/Ibl.

Ha 2-m stame BbmmomHsieTcsl TpaduyecKuil pacueT IKBUBAJICHTHOW CXEMbI
(pucyHok 211) omauM u3 TpaduyuecKuxX METOJIOB, PACCMOTPEHHBIX paHee, B
pe3yiabTaTe TrpaUuecKkoro pacyera ONPEACNSIOTCS TOKH U HaIlpsSHKeHUS
HenmuHelHbIx anementoB (U,, U,, [, ). Ha 3akiioyuTelbHOM JTare
ONPENECIAOTCS TOKA U HAIIPSKEHUS Ha DJIEMEHTaX JIMHEWHOW YaCTU CXEMBI.

Ecnn ucxomgnast cxema Uenu COACPKUT TpU WM Oojee HEIMHEHMHBIX
AJIEMEHTOB, TO K HEH TakKk € MOXET ObITh NMPUMEHEH METOJ 3KBHUBAJIEHTHOTO
reHepaTopa, IPU 3TOM JIMHEHHAs] YaCTh CXEMbl 3aMEHSIETCS aKTUBHBIM IIECTH- U
0oJiee MOJIIOCHUKOM, YTO MPU OOJBIIOM YHUCIIE€ HEIMHEHHBIX 3JIEMEHTOB HE JaeT
MOJIOKUTENIBHOTO 3 (DeKTa.

14.6 Annpoxcumanusi BAX HeJluHEelHBIX 3JIEMEHTOB

BonsTamriepabsie XapaKTEpUCTHKU HEIWHEWHBIX DSJIEMEHTOB Ha MPAKTUKE
Yarie BCEro MOJy4YaroT SKCIEPUMEHTAIBHBIM IyTEM U TMPEICTABISIOT UX WU B
rpadudeckoit popme [B Buae rpadudeckoii quarpammel pyakuun [ = f(U) ], unn
B Tabnu4yHo# (opme [B Bume Tabmwmisl koopauHat touek ¢ynkuuu [ = f(U)].
[Ipy aHanUTHYECKHMX METOAAX pacyeTa HeIWHEMHbIXx uened kK BAX
MPEABSBISIIOTCS TpeOOBaHUs, YTOOBI OHU OBUIH TPEICTABICHH B aHATUTHYECKON
dbopme, T.€. B BUJE aHATUTHUYECKOTO BBIPAKEHUSI.

ITon anmpoxcumarueit BAX noHuMarT 3aMeHy ee Tpauyueckor Wiu
TaONMM4HOM (opMbl Ha aHajmuTH4eckyro. K ypaBHEHHIO aNmpoOKCUMALMU
NPEABIBISIIOTCA JIBa TMPOTUBOPEUMBBIX TpeOoBaHUsd. Bo-mepBbiX, ypaBHEHHE
anmnpoKCUMAIMU JIOJDKHO 10 BO3MOXHOCTH TOYHO ONUCHIBATH 3ajaHHyro BAX.
Jlnst GoJiee MOJTHOTO BBIMOJHEHUS 3TOrO0 TpeOOBaHUS HEOOXOJMMO YCIOXKHSTH
CTPYKTYpY A3TOro ypaBHEHHUA. BO-BTOpBIX, ypaBHEHHE amMpOKCUMALUH, OyIydu
BBEJICHHBIM B CHCTeMYy ypaBHeHHI Kupxroda, JOIKHO MO3BOJATH PEMICHUE ITOU
CHUCTEMBI JOCTYIMHBIMHU METOIaMH. [[71s1 BEIOIHEHHSI 3TOTO TPeOOBaHUS CTPYKTYypa
ATOTO ypaBHEHUS JOJDKHA OBITh TIO BO3MOXHOCTH Oojiee mpocToir. Takum
oOpazoM, TIpu BBHIOOpPE ypaBHEHHUS AaNNpPOKCHUMAIIMU BCErAa TMPUXOIUTCS
MPUHUMATH KOMITIPOMHICCHOE PEIICHUE MEXTy STUMH JIByMS TPEOOBAHUSIMHU.
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PaznmuuaroT nBa cmocoba anmpokcumaruu HennHeWHbx BAX — monHas u
KycouHas (I10 4acTsM).

B mpocreiimux ciydasx npu MOHOTOHHOM XapakTepe U3MEHEHUs (DYyHKIHU
I(U) BAX MoxeTr ObITh anmpOKCHMHPOBaHAa MOJHOCTHIO OJHHMM  HEJIMHEHHBIM
ypaBHEHHEM (PUCYHOK 212a).

e

Pucynoxk 212

B Oonee cnoxubix ciaydasx, korma ¢yakuus /(U) uMeeT HECKOJIBKO
MaKCMMYMOB M MMHUMYMOB, ITOJHas anmpokcumanns BAX ogHMM ypaBHEHUEM
CTaHOBUTCS MPOOJIEMATUYHOW U HEpalMOHAJIbHOU. B Takux ciyyasx mpUMEHSIOT
KycouHyI0 anmmpokcumarnuio. CyTs ee coCTOUT B ToM, 4To Bcsi BAX pazouBaercs
10 TOMY WJIH JIPYTOMY IPUHIIAITY HA OTAEJbHBIE yU4acTKH (KycKu) (pucyHok 2120).
OTtpaenbHBIE YYaCTKH alPOKCUMHUPYIOTCS OJHOTUIHBIMH, HO MPOCTBIMH IO
CTPYKTYypE, YPaBHEHUAMHU, KOI(PPUIMEHTHI B KOTOPBIX U3MEHSIOTCS MPU NIEPEXOE
OT OJHOro ydyactka K Jgpyromy. Eciaum ortmensnele  ywactkn BAX
anIpOKCUMUPYIOTCS OTpE3KaMHM NpsIMOM y=a+bx, TO Takas anmpoKCHUManus

Mojy4yusia Ha3BaHWE KyCOuHO-IMHEHHOW. Ecnu otaensHble yudactkn BAX
aNIPOKCUMUPYIOTCS  KBagpaTuyHOW (y=a+bx+cx’) wam  Kyoudeckod  (

2 3 .
y=a+bx+cx” +dx’) nmapabonoif, To OTHEIbHBIE yYACTKM HOIYYHIA HA3BAHHE

CIUIaliHOB, a caMa anmpoKCUMalMs — alnpokcuManuu crutaiiHamu. KycouHnas an-
IPOKCUMALIMS NO3BOJISIET MOJYYUTh BBICOKYIO CTENIEHb NPUOIMKEHUS K 33 JaHHON
BAX, ognaxo TpebyeT 60JIbII0T0 YKcia OMHOTHITHBIX PACUETOB MIPH OIpeeICHUH
KO3 (UIIMEHTOB B YPaBHEHUAX alpPOKCUMAIIH.

Kycounas anmpokcumariusi IMIMPOKO MPHUMEHSETCS TMPU  pacyere
HEJIMHENHBIX neneid Ha OBM.

14.7 AHaqMTHYeCKHe METOAbI pacyeTa HeJIMHEHHbIX HeneH

YCTaHOBUBILICUCA PEXKUM HEIMHEMHOW LENU MOCTOSHHOIO TOKa MOXHO
ONHUCaTh CHUCTEMOM HEJTWHEWHBIX anredpandeckux ypaBHeHui Kupxroda, B
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KOTOPBIX CBSI3b MEXAY HANpsDKEHUEM M TOKOM HAa HEJIMHEHHBIX 3JIEMEHTaX
BBIPAJKECHA B BUJIC HEJIMHEWHOIO YPAaBHEHUS alllIPOKCUMALUH.

Kak u3BecTHO, B MareMaTHUKE HE CYIIECTBYET OOLIMX METOJOB pEIICHUS
CUCTEM HEJIMHEWHBIX YpaBHEHUHN. B KaXXI0M KOHKPETHOM CJIydae METOJ PEIEHUs
ONpENENAeTC KOHKPETHBIMH  YCJIOBMSIMU  3aa4d: CTPYKTYpOH  CHCTEMBI
YpaBHEHUM, TUIIOM annpokcumanuu BAX HEIMHEHHBIX 3JIEMEHTOB U JPYTHMH
dbakTopamu.

B caMbIX HpOCTBIX Ciy4yasix BO3MOXKHO BBIIOJHUTh HENOCPEACTBEHHOE
peleHre HeJIMHEMHOT 0 ypaBHEHUs. PaccMOTpUM IpuMepsl.

Ilpumep 1. DOnexrpuueckas UENb COCTOUT U3  IOCJIEI0BATEIBHO
BKJIIOUEHHbIX HcTouHuKa JJIC E, nuHeliHOro pesucropa R; U HEIUHEHHOTO
pesucropa H3, (pucynok 213), BAX kOTOporo annpoKCMMUPOBAHA YPABHEHUEM:

a)U,(I)=al +bl*; 6)I(U,)=cU,+dU,*; 5)U,(I)=al +bI"
! R’ H>,

—{
L
5 <> U, U,

Pucynok 213

ITo BTOpOMy 3akony Kupxroda nonyuum ypasuenune: £ =U, +U,.

By pemieHds 3TOro ypaBHEHHS 3aBHCUT OT CTPYKTYpPbl YpaBHEHHs
annpokcumanuu BAX.

a) E=U+U,=IR +al+bl’=(R +a)l+bl’— pemenne 3amaun
CBOJIUTCS K PEIIEHUIO KBAPATHOIO YPABHEHHS C HEU3BECTHBIM TOKOM

6)E=U,+U,=IR +U, =(cU, +dU," )R, +U, =(1+cR)U, +dR.U, -
pEelLIeHNE 3a/ladyd CBOAMUTCS K PELICHHUIO KBAJIPaTHOTO YPABHEHUS C HEU3BECTHBIM
HanpsbkeHueM Us;

B)E=U, +U,=IR +al +bI° =(R, +a)[ +bI°— 1pebyercs peluenue
areOpanvyeckoro ypaBHEHHsI 5-il CTENEHH, YTO BBIIOJHUTH OOBIYHBIM METOJOM
HEBO3MOXHO.

B obmem cinyyae A pelieHusi CUCTEMbl HETUHEHHBIX alreOpandecKux
YPABHEHUM  MCHOJIB3YIOT TaK  Ha3bIBAEMBIM  METOX  ITOCIEAOBATEIbHBIX
npubIKeHUd win Metoj, urepanuid. CymiHOCTh JAHHOTO METO/a COCTOUT B
CIEYIOIIEM: 33al0TCsI B IEPBOM MPUOTMKEHUH 3HAYEHHEM HMCKOMOW BEIMYUHBI
x" . Pemalor 3a1ady 1o BLIOPAaHHOMY aJTOPUTMY B HANpaBIEHUM K UCTOYHHUKY, B
pe3ynbTaTe 4ero ompejensioT pacdetHoe 3Hauenne DJIC ucrounmka FE .
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CpaBHuBaroT pacuetHoe 3Hauenue IJ[C uctounrka E' ¢ 3alaHHBIM 3HAYEHUEM FE
U C yuyeToM HepaBeHCTBa E'>< E 3amal0Tcs 3HAYEHHEM HCKOMOH BETUYHHBI BO
BTOPOM MPUOIIMKEHUN M TOBTOPSAIOT pacyeT IO TOMY XK€ alroputmy. LIukisl
pacuera (UTepaluu) MOBTOPSIOT 10 AOCTHXKEHHS JKEIaeMOM TOYHOCTH HCKOMOM
BEJINYUHBI.

MeTton mocnenoBaTeNbHBIX NPUOIMKEHHM IIMPOKO HUCHOIB3YETCS MpH
pacuere HeIMHEHHBbIX Hened ¢ nomombio OBM. Ilpu cocraBieHnu ainropurma
pacuera mauas OBM crnemyer ocoboe BHHMMaHHWEe oOpamaTh Ha TO, YTOOBI
UTEPALIMOHHBIN MPOLECC CXOAMICA, B MPOTUBHOM ciayyae DBM BeimacT ommoOKy.
PaccMoTpuM HECKOIBKO IPUMEPOB.

IIpumep. DnekTpryeckas LEMb COCTOUT U3 MOCIEN0BATEIBbHO BKIIFOUEHHBIX
ucrounnka JJIC E, nuHeiHOro pe3ucropa R; W HEIMHEWHOro »jemeHTta HO,
(pucynok 213). Ha pucynke 214a,06 moxa3zanbl aBa Bapuanta BAX HennHEHHOTO
DIIEMEHTA.

[Io 2-my 3akony Kupxrodpy mnomyunmm: E=U,+U,=IR +U,(I) wiu
U,(I)=E-1IR,. Ha pucynke 214a, 0 mokazaHo rpaduyeckoe pernieHue 3TOro
ypaBHEHUS, TJI€ TOUKA 7 COOTBETCTBYET 3HAUEHHUIO UCKOMOM BennuuHbl (Us, 1).

I I

f” n o] ;..lll IHI' -:H"I:Ivl
nll » I/
n'/s s
I n
n"
U U
" uym U F " vy E
a) &)
Pucynoxk 214

CocraBuM anroputm (cxemy) BbluucieHui s 9BM meTonom mnocnenoBa-
TeNbHBIX MNpuOMKeHud. [Ipou3BONBHO 3amaeM TEpBOE MPUONMKEHHE IS
HAaNpsOKEHNs Ha HenuHeiHoM »emente U,. IlepBoe mpubmmkeHHe mis TOKa
HaxoauM 1o BAX wHemumueiiHoro oasmementa ['= f(U,). Ilocnenyrorue
OpUOJIMIKEHUsT JJIs HANpsOKEHUs Ha HEJTMHEHHOM  dBJIEMEHTE HaxoIuM U3
ypaBHeHus 2-ro 3akona Kupxroga: Uy([)=E—-IR,, ["= f(U;); uT. 1.

[Ipomecc pacuera mo 3TOMYy airopuTMy Ha pucyHke 214a, O BBITVISSAWUT B
BUJIE CIIUPAJIM, KOTOpasi Ha pUCyHKe 214a 3akpydmBaeTcs BOKpYI TOYKHM 7, a Ha
pucynke 21406 packpydyuBaeTrcs. OTO O3HA4aeT, YTO B TIEPBOM Ciydae

248



UTEPAllMOHHBIN Mponecc cxoautrcss 1 DBM BbigacT pe3ynbTarhl pELICHUs, a BO
BTOPOM CJIy4ae HUTEPALMOHHBIN Mpolecc pacxoautcs 1 DBM ykaxeT Ha ommnoKy
IPOTrPaMMBl.

B kxypce maTeMaTuku TOKAa3bIBAETCS, YTO UTEPAMOHHBIN MPOLECC CXOAUTCS
IIPU yCIIOBUH, €CIIU a0COJIIOTHOE 3HAYEHUE MTPOU3BOAHON OT UCKOMOW BEJIMYUHBI B
OKPECTHOCTSIX UICKOMOT'O KOPHS (TOYKH 71) MEHbIIIE 1:
U, ()| _|d(E-IR)| dl | R R, tgB

= =-R- = I wyiu —=""<lym B<a.

| du, | | au, | dU,| R, R, 1ga

Jins pemieHuss [aHHOM 3aa4dM  MOXHO COCTaBHUTh JIPYIYKO CXEMY
BBIYHCIICHUN:

’ ’ ’ " E _U' " "
I, - Uy=fU); —> 1 =T2; - Uy=/U"); ur. 1
1
Toraa ycnoBue CXOOAUMOCTH MIPUMET CIAEAYIOMINT BU:
[dIU,)|_|d(E-U,)| _| 1 dU,|_R,

Tar || @ | E'W—E<1 wm fB>a.

OueBUIHO, €CIM MO NEPBOM CXEME BBIUUCICHUW UTEPALMOHHBIA MPOIIECC
CXOJIUTCS, TO 110 BTOPOM OH PacXOAUTCs, U HA0OOPOT.

Cxemy BbumciaeHud Ha DBM MOXHO OpraHu3oBaTh IO M3BECTHOMY W3
MaTeMaTUKH METOAY MOJIOBUHHOTO JieieHus. [1o aTomy MeToay npulanxKeHue s
HMCKOMOW BEJIMYMHBI YCTAHABIMBACTCS Ha Cepe/IMHE MpearnoiaraeMoi 00J1IacTh ero
3HaueHui. B paccMmarpuBaemMoM mnpumepe i HanpsbkeHus U, npuiaraemas
obnacte 3HaueHnii O;=0; O,=E. Cxema BbuucCieHU Oy1€T UMETh BUI:

E'>E,10 O,=F'
U =99 L p_ S E =R 14U (S E B0 O =8
2 ecimE’ < E 10 O, =E
, O +0
—)UZZ%

CXoauMOCTh UTEpalMOHHOTO Mpoliecca MO 3TOM CXEeME BBIYUCICHUU
MOKa3aHa Ha pucyHke 215.

I! /
Fid n 3
2
I U
U‘;" U7||| U‘)I E
Pucynoxk 215
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B o0mem cmydae Uil CIOXKHOM LeMUd  OBICTpOTAa  CXOJUMOCTHU
WUTEPAIMOHHOr0 Tpolecca 3aBucuT oT Buga BAX HD, mapameTpoB JTHUHEHHBIX
AJIEMEHTOB, BbIOOpAa HAYaIbHBIX MpUOTMKeHUH. OIHAKO OCHOBHBIM (haKTOPOM,
ONPEACIISIIOIIMM DPEIICHUE HEJIMHEHMHBIX YPaBHEHUM WTEPALMOHHBIM METOAOM,
SBJISIETCS BBIOOP CXEMBI (QJITOPUTMAa) BHIYUCIICHUIA.

NrepauioHHBI METOJ CETOAHS SBISETCA OCHOBHBIM METOJIOM pacueTa
HEJIWHENHBIX LeTeH.

15 HeqmHeliHbIe MATHUTHBIE ENMH MMOCTOSTHHOI'O MOTOKA

15.1 OcHOBHBIE MOHATHSA M 32aKOHBI MATHUTHOM 1INy

DJEKTPOMarHUuTHOE I0JIe, KOTOPOE JIKUT B OCHOBE BCEX MHOI00Opa3HBIX
ABJICHUM W TPOLECCOB, MCCIEIYEMBIX B DJJIEKTPOTEXHHKE, MMEET [BE
PAaBHO3HAYHBIE CTOPOHBI — DJJIEKTPUYECKYH0O M MarHuTHyro. Kak wu3BecTHO, B
UIEKTPUYECKOW LEeNu IO0J BO3IACHCTBUEM MCTOYHUKOB DHEPIMU BO3HHUKAIOT
IEKTPUYECKUE TOKH, KOTOPBIE IIPOTEKAKOT IO JJIEKTPUYECKUM ITPOBOJAM.
[TonoOHO »HNEKTpUYECKUMM LENsAM CYIIECTBYIOT TakKX€ MAarHUTHBIE ILIENH,
COCTOAIIME W3 MArHUTHBIX MPOBOJOB WJIM KPAaTKO MArHUTONPOBOJOB, B KOTOPBIX
1oJl Bo3AeWcTBUEM MarHuToABWXKymuX cuwil (M/IC) BO3HHMKAIOT M 3aMBIKAIOTCA
MarHuTHble NOTOKM @. DOpPMaIbHYIO CXOXKECTh WIM AHAJIOTHI0O MEXIYy JJIEK-
TPUUECKMMU M MAarHUTHBIMM UENSMH B JalbHeiieM OyaeM HWMEHOBATh
NPUHILIAIIOM JABOKWCTBEHHOCTU. ClieyeT IOMHUTD, YTO MIPHU (POPMAIBHOM CXOXKECTU
AIIEKTPUYECKUE U MarHUTHBIE SIBJCHUS (PU3UUECKH Pa3IUYHBI.

MaruutHple  DeNM  OPUMEHSAKOTCA B JJIEKTPUYECKHX  MAIMHAX,
TpaHcopmaTopax, IJIEKTPOMATHUTHBIX ammaparax, pene, mpubopax u T.1. Ux
Ha3HAYEHHEM SBJISETCS CO3JAHHUE 3aJaHHON BEIUYMHBI U (POPMBI MArHUTHOIO
notoka @(f) 1 NpOBEJEHUE €0 M0 33JaHHOMY ITyTH.

Kak u3BECTHO, MarHuTHOE IIOJE€  XapaKTepU3yeTCs  BEKTOPHBIMHU

penuunHamu B u H | MEXIy KOTOPBIMU CYHIECTBYET CBsI3b B = 1, ‘H,rne B-

BEKTOD MHAYKUMM (WM IUIOTHOCTH) MarmutHoro mnons [Tn], H— Bekrop
HAMPSHKEHHOCTH MAarHUTHOTO TOJs [A/M], KOTOpPBIH CO3MAeTCS AICKTPUICCKUM

TOKOM U SIBIISIETCS TEPBONPUYMHON MAarHUTHOTO MOJs, 4, =47-107 ~1,257-107°

[['a/M] — MarHuTHas TPOHMUIIAEMOCTh MYCTOTHI, A — OTHOCHTEIbHAs MarHUTHAS
IPOHUIIAEMOCTh, XapaKTEePHU3YIOIas CIOCOOHOCTh MaTepraia K HAMarHUIUBaHUIO.

Bce wmatepuanbl MO CMOCOOHOCTM WX K HAMAarHWYMBaHHWIO YCJIOBHO
pasneNsioT Ha JBE TPYNIbL: (eppoOMarHuTHbIE W HedeppoMarHuTHbC. [l
dbeppoMarHuTHEIX MatepuasioB u>>1. K HuM oTHOcsaTcs sxene3o (Fe), Hukems
(Ni), xo6amsT (Co) m ux cruraBel. DeppoMarHUTHBIE MaTEpHUATbl CIOCOOHBI K
HAMarHUYMBaHUIO U CO3JAI0T MAj0€ MarHUTHOE COMPOTUBIICHHUE ISl MATHUTHOTO
MOTOKA, MMOATOMY MPUMEHSIIOTCS B TEXHHUKE JIJISI U3TOTOBJICHUS MAarHUTOIIPOBOJIOB.
Jlnst  HepeppOMarHUTHBIX  MaTepHaioB =1, OHH  CO3JAIOT  OOJBIIOE
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COIIPOTUBJICHUC MAIrHUTHOMY IIOTOKY U B MarHuTHOM HOCTIN BBINOJIHAKOT POJIb
MAarduTHBIX U30JIATOPOB.

Pucynok 216

Crnemyer OTMETUTD, YTO €CJIA B JIEKTPUUYECKON IEMU COOTHOIICHUE MEXITY
YACIbHON MTPOBOJAMMOCTBIO MeTaia (MpoOBOJA) W JUAJNEKTPUKA (W30JISLIHUS)
cocrasisier 107 —-10", TO Iy MardHMTHOM LIENMA 3TO COOTHOILIEHHE COCTABIISIET
BCEro OKoyio 10°. DTO 03HAYaeT, YTO M3OJSIMS B MArHUTHBIX IEMSIX OYCHb
HECOBEPILICHHA, YTO B TaKUX IEMNSAX CYIIECTBEHHAs 4acTh MArHUTHOTO IOTOKA
paccemBaeTcs, T.€. 3aMBIKACTCSl YE€PE3 YYAaCTKA C HECOBEPIICHHOM MArHUTHOM
W30JISIHACH.

3aBHCHMOCTh MEXIy Bekropamu B u H 1na  (eppOMarHUTHEIX
MaTEepHaJIOB HE MMEET TOYHOTO AHAIMTUYECKOTO BBIPAKEHHUS, Ha TpaduuecKou
quarpaMMe 3Ta 3aBUCUMOCTh B=f(H), nmeet GpopMy METIIM U Ha3BIBACTCS TETIICH
rucrepesuca (pucyHok 216).

[Ipy mepuomuyeckoM TepeMarHMYMBAaHWN MaTepuaja C yBEIWYCHHEM
aAMIUTATYIbl UHAYKIUUA B, TJIOmMaas METIM TUCTepe3nca YBEIMYMUBACTCSA, a €e
BepIIMHA Bce OOJIbIlle CMEMIAaeTCsl B OOJIAaCTh HACHIICHHUS MaTepuana. Kpupas,
MPOXOJAIIasi Yepe3 BEPIIMHBI CHMMETPHUYHBIX MMETENbh TUCTEPE3UCa, Ha3bIBACTCA
OCHOBHOM KpuBOW HamarHnuuBanusi B=f(H)nns nanHoro matepuana. CBeneHus 00
OCHOBHBIX KpPWBBIX HaMarHnuuBaHus B=f{H)nns ¢eppOMarHWTHBIX MaTepUalOB,
KOTOpbIE TIPUMEHSIOTCSI B TEXHUKE [JI1 HW3TOTOBJICHHS MarHUTOINPOBOJOB,
IPUBOASITCS B CHOPABOYHOW JUTEpaType B BHIE TaOMUIl Win TpadUuyuecKux
TUarpaMM W HCTIOJB3YIOTCS B WHKCHEPHOW MPAKTHKE JJIsS pacueTa MarHUTHBIX
Henei.
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[TycTh TpeOyeTcs BBITIOJHUTH pacuyeT MAarHUTHOMW METH 3JIEKTPOMArHUTHOTO
pene, CcocCTosIed W3 KaTyllKH C W BHUTKaMu, sipMa (HEMOJBUIXKHAS YacTb
MarHUTONPOBO/A), AKOps (MOABUMHAS YaCTh MArHUTONPOBOAA) W BO3IYLIHOTO
3a30pa MEXIy ApMOM U sikopeMm (pucyHok 217a). I'eomerpuueckue paszmepsl
MAarHuTHOW LIETIH 3aJaHBI.

§H-di =7y Hl=Hl, +H,l,+H, = Iw
l

Il w ‘_@ q} Rm"l
< . s - ) Il Uni‘l
T — Iw C) Una |::|1EI
L Unl‘?
— - lr:ﬁ A2
g ] R ?
52 L
a) 6)
Pucynok 217

B ocHoBe pacdy€Ta MarHuTHBIX LICTICH JIC)KUT U3BECTHBIN U3 (I)I/ISI/IKI/I 3aKOH
ITIOJIHOI'O TOKa:

§ﬁ-@:2i_
1

[Tpu mpumMeHeHNH 3aKOHA MOJHOTO TOKAa K MAarHUTHOW LIETH €€ pa30ouBarOT
Ha OTJEJIbHbIE OJHOPOJHBIE YYACTKH, s KOTOpPbIX FH=const, a KOHTYp
WHTETPUPOBAHUS BBHIOHMPAIOT BIIOJb MArHUTHBIX JIMHUHN. [Ipu BBITOTHEHUU 3THX
YCIOBUM HHTErpajl IO 3aMKHYTOMY KOHTYpPY 3aMEHAETCd CYMMOW MPOCTHIX
npousBeneHun H,/, , a Zi =i-w. Jlng paccMaTpuBaemMoro npumepa moayuunm:

3nech npousBeaeHue Iw=F Ha3bIBaeTCs MarHUTOABIKYyIen cunoi (MJIC)

i HamarunuuBatonieit cuio (HC), siBnsieTcs UCTOYHMKOM MarHMTHOTO MOTOKA
D.

Crnaraemsle Tuna Hy-[; Ha3pIBarOTCS MarHUTHBIM Hanpskenuem: U, = H, [,

[A], a mody4YeHHOE BBIIE YpPaBHEHHE NPEICTABISIET COOOM BTOPOH 3aKOH
Kupxroda st MarHuTHOU 11enu:

ZHI=IW I ZUM =F,

N3 kypca pu3nKy U3BECTHO, UTO MAarHUTHBIE JIMHUM TOJIs HENpephiBHBL. U3
3TOTO CJIEAYET, UTO MArHUTHBIN NOTOK @ Ha BCEX y4acTKax HEPA3BETBIECHHOW Mar-
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HUTHOM LIENH UMeeM OJHO M TO ke 3HaueHme @ = const. Unpyxmus nons B u
HANpPSDKEHHOCTD TOist /1 Ha OTJEeNbHBIX y4acTKax OyayT pa3uyHbL:

(¢} D
B=2, B, =—; By ="
Sy S, S
B D D D
H=—-= ; Hy=—-—: Hy=—07-.
Hity  Hi S, 45, HoSo
Cnenaem MoJICTAaHOBKY B ypaBHeHHE 2-T0 3aKkoHa Kupxroda:
Dl Dl Dl [ [ [
I-w= L+ 2+ L =@ L+ . +—2
My Mo -Sy My oSy My S, My Mo -Sy Myt Sy My S,
lk
3nech R,; = —— < — MarEuTHOE CONPOTHBIIEHNE K-TO y4aCTKa MATHUTHOM
My 1S,
nernd. J{ins cpaBHEHMA: (opMylia DIIEKTPHUUECKOTO COMPOTHBICHUS MPOBOJIHHUKA
[
MMeeT aHAIIOTHYHYIO CTPYKTYpy: R = 7/-—S’ T.€. B MArHUTHOM IIETTH 3JIEKTPUYECKOM

MPOBOJAMMOCTH ) COOTBETCTBYET MarHUTHas MPOHMUIIAEMOCTH MaTepuana ML .
MarHuTHble CONPOTUBICHUS JJISI Y4YaCTKOB MArHMTOINPOBOJA 3aBUCAT OT
MarHuTHOM TNPOHUIIAEMOCTH L, , KoTopas sBIAEeTCS (DYHKIMEH MarHUTHOTO

coctosinua (B,H ). CrenoBareibHO, MarHUTHBIE COMPOTUBJIEHUSI OTIEIbHBIX
Y4aCTKOB MarHUTOMPOBO/A SIBJISIIOTCS HEJTMHEUHBIMHA U HAa CXEME MPEICTaBIISIIOTCA

HCJIMHEHHBIMU AJIEMCHTAMHU. MarautHoe COINPOTUBIICHUE 3a30pa
R = b _ 0 ~8-10° - L =
M0 = — ~ o "—-=const y, CclienoBareabHO, SBIAETCA
M-S, 4-m-107"-§, So

JuHeHHBIM  dneMeHToM. C  y4eToM CKa3aHHOTO BBINIE, paccMaTpuBacMas
MarHuTHasi IIeMb MOXXET OBITh MPEJACTaBICHA JKBUBAJICHTHOW CXEMOM C
HEJTMHEHHBIMY dJIeMeHTaMu (pucyHOK 2170).

JIJst CTIO’KHBIX MAarHUTHBIX TETIeH, UMEIONUX PA3BETBICHUS M COCPIKAIITUX
HeCcKoabko wuctouHnkoB MJIC, B momHOW Mepe coOmromaroTcs o0a 3akoHa
Kupxroda:

1)1-it 3akon Kupxroda: ZCD:O— anreOpadyueckas CyMMa MarHUTHBIX
MIOTOKOB B y3JIe MArHUTHOM IIETIH paBHA HYIIIO;

2) 2-ii 3akon Kupxroda: ZHI = ZIW— anreOpaMyeckas CyMMa MaaeHui

MAarHUTHBIX HANpsHKGHWH B 3aMKHYTOM KOHTYpPE MAarHUTHOM LIeNmM paBHA
anredpaundeckas cymma MJIC.

MarsuTtHble 1ENH MOCTOSIHHOTO TOTOKa OTHOCSTCS K KJacCy HEJTHMHEHHBIX
nerneil. B cuity npuHIMTA TBOWCTBEHHOCTH K MX PacueTy MPUMEHUMBI BCE METO/IbI
pacyera HeJIMHEHHBIX JICKTPUUECKUX IIETICH MOCTOSTHHOTO TOKA.
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Cnez[yeT OTMCTUTD, qTo MAarduMTHBIC 11(S70041 06J'Ia,[[aIOT CBOUMU
XapaKTCPHbBIMU 0C06CHHOCT}IMI/I, KOTOPBIC BHOCAT HECKOTOPLIC OTIMYHUA B MCTOIbI
HX pacydcTa.

15.2 Annpokcumainusi Bebep-aMIepHbIX XapaKTePUCTHK
U,=f(®D)HeanHelHBIX 3JIeMEHTOB MATHUTHBIX Lienei

Kak Obut0 yKe CcKa3zaHO, B CIIPAaBOYHOW JHUTEpAType I KaKIOTO THIIA
beppoMarHuTHOTO MaTepuana, IPUMEHSIEMOTO TS U3rOTOBJIEHUS
MarHUTONPOBOJIOB, IPUBOSTCS CBEICHUSI 00 OCHOBHOW KPUBOW HaMarHUYMBAHUS
B=f(H) B Bune Tabauiibl KOOpAMHAT TOYEK WM B BUJIE TpadUyuecKor AuarpaMMbl
3TON QyHKIUH (PUCYHOK 218).

B
5 B 3
B, 2
1
H
H 1 H? H_:;
Pucynoxk 218
Bebep-ammnepHsbie XapaKTepUCTUKHU (BAX) U,,=f(®)oTaenpHbIX

OJHOPOJHBIX YYaCTKOB MArHAUTHOM LENM  PACCUUTHIBACTCS  4YE€pe3  UX
FEOMETPUYECKME  pa3Mepbl 1O  OCHOBHOM  KPHUBOM  HaMarHWYMBAaHUSL:

U,=H-l, ®=B-S. Bcneacrsue NponopuoHanbHoii 3asucuMoctd U, = H u

@ =B rpapuueckue numarpaMmmbl BAX OTHENBHBIX YyY4aCTKOB MArHUTHOM LEIH
OyIyT B HEKOTOPOM JIMHEWHOM MaciiTade Mmog00HbI JuarpaMMe OCHOBHOW KPUBOM
HamarauauBanus B=f(H)(pucynok 218).

B ananmutmyeckux MeTogax pacyeTa MarHUTHBIX LENeld MNPUMEHSETCS
annpokcumarust U, =f@)nns oTaenbHBIX y4acTKOB. PaccMoTpum 3Ty mpoueaypy
HAa TpUMepe amnMmpoKCMMallMd OCHOBHOM KpHUBOW HaMarHuuuBaHus B=f(H)
(pucyHok 218).

Hns  annpoxcumanuu  BAX, CHMMETpUYHBIX OTHOCUTENBHO Hayalsa
KOOpJIMHAT, UCIOJIb3YIOT HEYETHbIE MaTeMaThuyecKue (QYHKIUHU, HampuMep,
CTENEHHOM MOJIMHOM C HEYETHBIMH CTENEHSIMU UM ypaBHEHHE TUIEPOOINYECKOTO
cuHyca:
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Dx=ay+ay’ +a,y’ +..; 2)x=a-sh(by).

BriGepem nis  anmpokcMMalMid  OCHOBHOM KpHMBOW HaMarHWYMBaHUS
CTETIEHHOW IMOJUHOM YycedeHHoro Buma: H =a-B+b-B". KosbduiueHts
anmpoOKCUMaUu @, b, n MOXKHO ONPEIEIUTh 10 METOAY BBHIOpAHHBIX TOuek. s
3TOM Lenu Ha rpaduyeckoil nuarpaMme (WM B TabauIe KOOpAMHAT) (PyHKUIUU
B=f(H) BbiOuparotcs Tpu Touku 1, 2, 3 (o yuciy omnpeaensieMbix KoddduireH-
TOB), KaK MOKa3aHO Ha PHUC. 3. ¥ OMpPEILNAI0TCS UX KoopauHathl, Hapumep: 1(1,0
Tn, 100 A/m), 2(1,4 Ta, S00A/m), 3(1,5 Tn, 800 A/m). Tak kak pyukuus B=f(H) B
00JIaCTH HACBIIICHUS OMKMCHIBAETCSI B OCHOBHOM BTOPBIM CllaraeMbiM bHB", T0 st
TOYEK 2 U 3 MOKHO NPUOIMKEHHO MPUHSTH:

H,=b-B) N ln(H3/H2) 1n(800/500)
n= = =
H,~b-Bj ln(B3/Bz) 1n(1,5/1,4)
Tak kak mokasareib CTENEeHU 1 TOJDKEH ObITh 1EIbIM HEUETHBIM YUCIIOM, TO
MIPUHUMAEM n=7.

Koadhduimentst a u b onpeaenstorcsi M3 COBMECTHOTO PELIEHUSI CUCTEMbI
ypaBHEHUM 1151 Touek 1 u 2:

H =a-B +b-B/ 100=a-1,0+b-1,0
{Hz =a-B, +b-Bz7}:>{500za-1,4+b-1,47
YpaBHEHUE alMPOKCUMALUNA IPUMET OKOHYATEIIbHBIN BUL:

H=60,6-B+39,4-B"
[Ipn anmpoxcHumanuyM OCHOBHOM KPUBOM HAaMAarHWYMBAaHUS YpPAaBHEHHEM

6,81

}:a:60,6;b:39,4

runep6onuueckoro cunyca H =a-sh(b-B) ko>pOUIMEHTH aNNPOKCHMALMH

OTIPEACIISIFOTCS TAKXKE MO0 METOJIy BRIOpAHHBIX TOUEK. Vcmonb3yeM Jyuist 3TOU 1enu
KOOpJUHATHI ToueK 1 u 2:

H,=a-sh(b-B,)
H =a-sh(b-B,)

CoBMECTHOE pEIIEHUE ITUX YPaBHEHUM IO3BOJIAET ONpenenuTb K03 duim-
€HTHI a U b:

H, a -Sh(b -Bz) _ e’ _ BB

H, - a-sh(b-Bl) Tt

_In(H,/H,) In(500100) - H __ H, __ 100 _
B, B, 1,4-1,0 T shb-B, shb-B, sh4,02-1,0
VYpaBHEHHE aNMPOKCUMAIMK IPUMET OKOHYATEIbHbII BU:
H =3,59-5h(4,02-B).

ypaBHeHI/IH AIIIPpOKCUMAaIlN UCIIOJB3YIOTCA B aHAJIMTHYCCKUX MCTOZIaX pac-
4yCTa MarHuTHBIX ueneﬁ.

, OTKYyOa CJICOAYCT

5
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15.3 PacyeTr Hepa3BeTBJIEHHOI MATHUTHOM 1eNuU

ITycth TpeOyercs BBINONIHUTH pacdeT MarHUTHOM LENU 3JEKTPOMArHUTHOTO
pesie, 3CKU3HBIM BUJ] KOTOPOrO M CXEMa MarHUTHOM LIENU IMOKa3aHa Ha PUCYHKE
217a, 6. Bynem cuutarh, 4TO T'€OMETPUUYECKUE pa3Mepbl YUaCTKOB U OCHOBHas
KpuBasi HaMarHM4yuBaHus Mmatepuana B=f(H) 3ananpl. Bo3MOXHBI 1Ba BapuaHTa
IIOCTAHOBKH 33J1a4M:

a) MO 3aJaHHOMY MarHUTHOMY NOTOKY @ (MU MHAYKUUU B B 3aJlaHHOM
CEUEHHUH) TpeOyeTcs onpeAenuTh TOK / B 0OOMOTKE — IpsiMast 3a/1a4a;

0) Mo 3agaHHOMY TOKy B 0OMOTKe / TpeOyeTcs OmpeaenuTh MarHUTHBINA
NOTOK @ WM UHAYKLIHUIO B B 3aJaHHOM CEYeHHH — O0paTHas 3a7aya.

[Tpsimast 3amaga CpaBHUTENBHO MPOCTO PEIIACTCS AHATUTUYECKUM ITYTEM.

@
D _? g

[Tyctb MarHuTHBIA 1MOTOK @ wm3BecTeH. Torma B =§; B, —S—; g -
1 2 0

3HadeHust koopauHat H, u H, HaxoauM MO 3aJaHHOW KPHWBOW HaMarHUYMBaHUS
B=f(H) nnsa pacuetHbIx Touek B; U B,. 3HaueHUe HANPSHKEHHOCTHU TOJS B 3a30p€

onperersieM u3 ypasuenust H, = B, /1, =8-10°- B, .
[To 2-omy 3akony Kupxroga s cXeMmbl 3aMelIEeHHs HAXOAUM 3HAYECHUE
MJIC:
I-w

I-w=H -l[,+H,-I,+H -6 . VUckoMblil TOK B OOMOTKE PaBEH: ]:—w :

OOpaTHas 3a7a4a pemaeTcsi METO0M MOCIIEA0BATENbHBIX MPUOIMKESHUIA.
[Tycts 3aman Tok B 00MOTKe pene [ u TpeOyeTcst OnpeenuTh MarHUTHBIN MOTOK .

3amar0Tcs B MEPBOM MPUOJIMKEHHH 3HAYEHHEM MarHuTHOro motoka @ m,
pelias npsAMyro 3ajady, OIpeAe/IAoT 3HaueHne Toka /' B IepBOM IPUOIHKEHHH.
C yuerom Hepasencta /' ></ 3amaioTcs 3HaYeHMEM MarHUTHOTO MOTOkKa @' BO
BTOPOM TpHOJMIKEHWW U OMNpeNessioT 3HaueHue Toka [” BO BTOPOM
npuOmmkeHnu. Llukiasl pacdera WM WUTEpalMM BBIIOJIHSAIOTCS 10 JOCTHXKEHUS
TpeOyeMOoi TOUHOCTH OTpeieJICHHIs] HCKOMON BETUYMHBI. Y UUTBIBAsI, UTO PEIICHHUE
OpSAMOM 3aJayd SIBISAETCS CPABHUTENIBHO NIPOCTBIM M HETPYAOEMKHM, TO U
pemieHne oOpaTHOM 3afaud, TpeOyroliee BBINOJHEHUS HECKOJIBKUX IMKJIOB
pacdera, SBIIACTCS OTHOCHUTEIBHO HETPYJOEMKMM W MOYET BBIIOJHATHCS
BpY4HYI0, 63 nmomoru DBM.

Kak npsimas, Tak u oOpaTHas 3ajada MOTYT OBbITh pelIeHbl IpaduuecKH
MeToioM cioxkeHuss BAX oraenbHbIX ydacTKoB. [[nsi 3TOM I1i€IM Ha OCHOBE
3aJJaHHBIX KpUBOM HamarHuuuBaHusi B=f(H) u TreoMeTpuyecKux pa3MepoB
OTJENbHBIX YYaCTKOB MAarHuTtHoi 1nenu (/, s) NPOU3BOAMTCA  pacyer
BeOepamiiepHblx  xapaktepuctuk  (BAX)  gnsd oTHENnbHBIX  y4acTKOB
U, =Hl=f(@®=BS).

Kak mpasuiio, pacuetHsie Touku BAX i Bcex y4acTKOB CBOJST B OOLIYIO
Ta0IuUILY:
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B0 | 3amaror

Bl Tn @/Sl
Bz Tn @/Sz
Bo Tn CD/S()

H1 A/M lef(Bl)

H2 A/M szf(Bz)

Hy, | A/M | H=8-10’B,
A | Y HI
W

[To pe3ympTaTam pacdera B OJHOHW CHCTEME KOOPAMHAT CTPOSITCS
rpaduyeckue auarpammbel BAX Bcex ydacTkoB (pucyHok 219):

aE
Un(P) U ()
U, (@)
: / / -
I ‘ ] o
U U, Un Iw
Pucynoxk 219

[TpousBogutcst Tpaduueckoe cioxeHne BAX OTIEnpHBIX YYacTKOB
COTIacCHO cxeMe Iemd. B paccmarpuBaeMoM  TpUMeEpEe  MPOW3BOAUTCS
nocienoBatenbHoe (o ocu U) crnoxenne BAX U(@), U,(D), u Uy(D), B

pe3yJibTaTe CIOXKEHU mony4daeTcs BxogHas BAX ZU = f(®). Ha Bxoanoit BAX

OTIpeIeTISIeTCSl TIOJIOKEHUE paboyelt TOYKU n s Z U=1Iw u BbeIMOIHSAETCS
rpadguUecKoe penieHue AT BCeX BeMYuH (Ha pucyHke 219 mokazaHo CTpelKamu).
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15.4 Pacuyer pa3BeTBJIEHHOW MATHUTHOM LeNH

Pacuer  pa3BETBICHHBIX MArHUTHBIX LEMEH  MOXKET  BBIITOJIHATCA
rpauuecKkuM WM aHATUTHYECKMM METOJAMHM TOYHO TaK e, KaK U HeJIMHEHHBIX
ANEKTPUUYECKUX LIETIEN.

IIpumep 1. 3amaHbl reoMeTpUYECKUE pa3MeEpPbl Pa3BETBICHHONW MAarHUTHOMN
nenu (pucyHok 220a) W OCHOBHas KpuBas HamarHuuuBanusi B=f(H) nusa
MaTeprajia MAarHUTOIIPOBOAA.

['padpuyeckoe  pemieHue  3afauyd  BBIMOJHSIETCS B CJEAYIOLICH
IIOCJIE0BATENBHOCTH.

1. MarnuTHas 1enb pa30uBaeTcsi Ha OJJHOPOIHBIE YYACTKH M COTJIACHO 3TOU
pa30MBKE COCTABIIACTCS SKBUBAJIEHTHAs cxema (pucyHok 2200).

2. Ha ocHOBe 3amaHHBIX T€OMETpHUYECKUX paszMepoB (/, S) U OCHOBHOU
KpuBOl HamarHuuuBaHus B=f(H) BeinonHsiercss pacyeT BAX nms kaxmaoro
BbIIETICHHOTO Yy4yacTka uenu no ¢opme U, =Hl = f(P =BS). Pe3ynpraThl

pacuera BAX cBogsTcst A1 yio0CTBa MOJIB30BAHUS B OOIIYIO TaOIHILY.

e o) o |
dTID | -1 U@, uz(mﬂﬂuatmal ﬂ
W D —
— ) & ; o [‘]
6)

a)

Pucynoxk 220

3. B oxgHO# cucTteme KOOpJAWHAT B BBIOpaHHBIX Macmitadax mist @ u U
crositcs rpadguueckue guarpamMmbl BAX i1 OTIeNbHBIX YYaCTKOB IENU (PUCYHOK
221).

/ = (@), Ut
@

Uy [ w

PﬁcyHOK 221
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4. Bommonnsiercsi rpaduueckoe cioxkenne BAX OTHeNbHBIX Y4YacTKOB B
COOTBETCTBHUH C MOPSAIKOM CBEPTKU SKBUBAJICHTHOW CXEMBI:

a). BAX Uy(®,) n Uy(D,) cknaasiBatoTcs nocieaoBarenbHo (mo ocu U), B
pesyibTare ux cinoxenus noiaydaercsi BAX (U, + Up);

0). BAX (U, + Uy) u Us(@5) cknaapiBatoTcs mapauiesibHo (1o ocu @ ), B pe-
3yJIbTaTe UX cllokeHus nojaydaetrcsi BAX (D,+d3);

B). BAX U,(®,) u (®,+@s) cknaasiBatotcs mocyienoBaTenbHo (no ocu U ), B
pe3ysbTaTe UX CIOXKEHUA nosyvaercs BxoaHas BAX w(d,);

5. Ha Bxonnoii BAX w(®;) nna 3ajaHHOro 3HayeHus [w omnpenensercs
noJio’keHue padouel TOUKH 71, TIOCTIE YEeTO MPOBOIUTCS TpaduuecKoe OnpeaeieHne
OCTAJIBHBIX BEJIMYMH (PELICHHUE TOKA3aHO CTPEIKaMU Ha pUCYHKe 221).

IIpumep 2. 3aaHbl FEOMETPUYECKHE Pa3MeEphl PA3BETBICHHON MAarHUTHOMN
nenu (pUCyHOK 222a) W OCHOBHas KpuBas HamarHuuuBanusi B=f(H) nusa
MaTepuaia MarHuTONpoOBOA.

AHanuTHYeCcKOe pEIICHHE 3a/layd BBIMOIHIETCS B CIEAYIONIEeH MociienoBa-
TEJIbHOCTH.

l.MaruuTtHas uenp pa3duBaeTcs Ha OJHOPOJIHBIE YYAaCTKU U COTJIACHO 3TOM
pa3OMBKe COCTaBIAETCS SKBUBaJeHTHas cxema (pucyHok 2226). Hanpasnenwus
MJIC Ha cxeme onpeAensitoTcs o MpaBUTy MPaBOXOJA0BOIO BUHTA.

2.Ha ocHOBe 3a/JlaHHBIX TeOMETpUYECKuX pa3mepoB (/, S) m ocHOBHOU
KpuBOil HamarnuuuBanusi B=f(H) Beimmonnserca pacuer BAX ans oTaenbHbIX
y4acTKoB 1ienu. PesynbTaTel pacueta BAX cBoasaTcs 11st y1o0CTBA OJIB30BAHUS B
o01ryto Tabuiry.

_ loo & |
T( gb_.r %—r 3 Ulf@ll(lzr stz Usias)
wi( ws (] W —
(
— [P P D
CD-erl L] AT
a) 6)
Pucynok 222

3.BAX otaenbHbIX yuyacTtkoB [U (D)), Uy(D,), Us(D;)] anmpoKCUMHUPYIOTCS
BBHIODAaHHBIM YpaBHEHHUEM, HANpUMEp, YPaBHEHUEM THIIEPOOTUYCCKOTO CHHYCA:
U =a, sh(b®), U,=a,- shb,®,), U,=a, -sh(b;d;), onpenenstorcs
K02 (pbULIMEHTHI anMpPOKCUMALIVH ay, by, a,, by, as, bs.

4.CocTaBisieTcsl CHCTeMa HEIMHEHHBIX ypaBHeHUH (1o 3akoHam Kupxroda
WM 110 METOY JABYX y3JI0B) JIUISl SKBUBAJICHTHOW CXCMBI IICTIH

Uy =-U(D)+ 1w, =—a,-sh(bD)+ 1w, (1)
Uy ==-U(@)+ 1w =—a, -sh(b® )+ 1w, 2)
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U, =-U(D)+ 1w =-a, sh(bd)+1w (3)

D +D,-D, =0 (4)

5.CucreMa HEMMHEHHBIX anreOpanyecKuX YpaBHEHUU PELIAeTCs] METOI0M
nociieioBaTeabHbIXx npuOmmkennit Ha DBM. CoctaBisieTcss anroput™m  (OJ10K-
CXema) pelIeHHs], B COOTBETCTBUHU C KOTOPBIM cocTaBiisieTca nporpamma. OuH U3
BO3MOKHBIX BApHUAHTOB AJITOPUTMA BBIYMCIIEHUMN [IJI1 PACCMAaTPUBAEMOTO IIPUMEpa
IIPUBEJICH HIXKE.

1) 3apatorcs B mepBOM MPUOIMKEHHUM MAarHUTHBIM HAIPSKEHUEM MEXKY
y3namu cxembl U, (Hadasio TJIaBHOTO ITUKIIA).

2) Jlna pemieHuss HenuHEHOTO YypaBHeHus (1) co3maercs 1-ii 4acTHBIM

[V !
IMKI BbIUMCHeHuii: 3amarorcs @) (nepsoe mpubmmkenue); uz (1) =U,,;

!/
U, ><U,, ;3anatores @', v T.1., B utore Haxomir @, ;.

3) s pelieHus HEIMHEWMHOro YypaBHEHUs (2) co3maeTcsi 2-U 4acTHBIN

v 4 /
UK BeIYMcIeHuit: 3afatorcs @, (mepsoe mnpubmmkenue); uz (2) =Ug,;

Ul ><U, ;3anaorca D, U T.1., B uTOre HaxoaT @,;.
4) Jlns peuieHuss HEMMHEHHOTO ypaBHeHUs (3) co3maeTcs 3- YacTHBIN
[V} !
LMK BhUMCIeHui: 3amatorca D5 (mepsoe mnpubmmxenue);, us (3) =U.,;
U, ><U, ;3anatorca D, U T.1., B UTOTe HAX0aAT Dy,

5) Pemaercs ypasuenue (4):D,, +D, —D;; ><0 (koHelm TIIABHOrO

[UKJIQ).

3apatorcs Uy, (BTOpoe NPUONMIKEHHE) U MOBTOPSIOT BBIYUCIEHUS /0
JOCTUKEHUS TPEOYEeMOil TOUHOCTH.

B cooTBeTcTBHM C aNTOPUTMOM COCTaBIISIETCS MPOrpaMma BBIYUCIICHUN Ha
JH000M aITOPUTMUYECKOM s13bIKe 171t DBM.

Pemenne paccmarpuBaeMoil 3ajadll MOXKET OBITh BBIMIOJIHEHO TIpaduuecku
no00HO mpumepy 1.

Henocratkamu rpaduyeckoro MeToja pacyeTra SBISIOTCA €ro HH3Kas
TOYHOCTb U OOJbIIask TPYAOEMKOCTh. C Ipyroil CTOPOHBI, PEeIICHUE TOU Ke 3aJauu
Ha DBM MeTonoM mocienoBaTeNbHbIX NPUOIMKEHHN TpeOyeT NTOMOJHUTENIbHBIX
3aTpaT Ha COCTABIIEHUE U OTJIAJKy Mporpammsl 111 DOBM.

15. 5. Pacyer MArHUTHOM LENH ¢ MOCTOAHHBIM MATHATOM

IlocTostHHBIE ~ MAarHMTBl  Haxo4AT INPUMEHEHHME B aBTOMATHKE,
U3MEPUTEIIBHOM TEXHUKE M JPYIHMX OTpacisix Uil IOJY4YEHHUS IOCTOSHHBIX
MarHUTHBIX MoJiel. B ocHOBe MX mpHUHLINIA JEHCTBUS JIEKUT PU3NUECKOE SIBICHUE
OCTaTOYHOTO HaMarHWuMBaHuA. V3BecTHO, YTO JHOOOKH (eppOMarHUTHBIN
maTepuan, OyJyyd HaMarHMYEHHbIM OT BHEUIHEr0 HWCTOYHUKA, CHOCOOEH
COXpPAaHATh HEKOTOPBIE OCTATKM MArHUTHOTO TMIOJI IIOCJIE CHATHS BHEIIHEH
HaMarHU4YuBarouei cuiibl. DeppoMarHuTHEIE MaTepPHAIIbI, CIIOCOOHBIE TUTEIHLHOE
BpEMsI COXPAHATh OCTATOYHOE IIOJIE, MOJIYYMJIM HAa3BaHUE MAarHUTOTBepabiX. K
TaKUM MaTepuajgaM OTHOCATCS CIUIaBbl U3 (DEPPOMArHUTHBIX METAJIIOB MarHUKO
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(Ma, Ni, Co) u ampamko (Al, Ni, Co). M3 MarHuTOTBEpABIX MaTEPHUATIOB
U3TOTaBIMBAIOTCS MTOCTOSIHHBIE MarHUTHI PA3IMIHBIX KOHCTPYKTUBHBIX (POPM.

E

B(H)

Pucynoxk 223

deppoMarHUTHbIE MaTepualbl, HMEIOT MIMPOKYK TMETII0 THUCTepe3uca
(pucyHok 223), CTeHKa KOTOpOW M SIBISETCS KpHUBOM pasmarHuuuBanus B(H) u
IPUBOJMUTCS B CIIPABOYHOM JIUTEpaType.

[lycte TpeOyeTcss paccuuTaTh MArHUTHYIO 1€Mb, COCTOSIIYIO U3
nocTosiHHoro maruurta (/;, S;), marauronponoaa (l, S») u 3a3opa (S, §) (pucyHOK
224a). 'eomerpuueckue pa3Mepbl, KpUBas pa3MarHUYMBAaHUS [JIs MOCTOSHHOI'O
Mariuta Bj(H;) W OCHOBHas KpuBasi HamarHuuuBaHusi B,(H,) nud
MarHuTonpoBojaa 3adaHbl. Cxema 3aMenieHusl LENU NPEACTABICHA HAa PUCYHKE

2246.
I 5 e ]
j K U(P)
L s | b
S — Us( )
Unl @)
1
a) %)
Pucynox 224
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Uy($P)
e UA9)

={{+8)
; U+l

U U, U
Pucynok 225

Huxe npuBonutcs rpaduyeckoe peleHre 3aJaum.

1.Ha ocHoBe 3aiaHHBIX TIE€OMETPUYECKHX pa3MepoB (/, §) M KpPUBBIX
HamarHnuuBanus B=f(H) npousBoautcs pacuer BAX nis OTAENbHBIX y4acTKOB
nenu: Uy(D), Uy(D) u Uy(D).

2.B opHOll cucTeMe KOOpAMHAT B BbIOpaHHBIX MacluTabax CTPOATCA
rpaduueckue auarpammsl BAX oTneiapHBIX y4acTKOB (PUCYHOK 225).

3.Io 2-omy 3akony Kupxroda ans cxemsl uenu: U, (@) +U, (@) +U, (@)=0
wm U, (@) =—(U,(®)+U,(2)). Cornaco nomyueHHOMy ypaBHEHHIO CKIIa/IbIBa-

1otcs nocnenoBarenbHo (1o ocu U) BAX U,(@) u Uy(D), B pe3ynbTaTe CIOKEHUS
nonydaetcsi BAX (U, +U,). [lonyduennas cymmapuas BAX oOpamraercst 0OTHOCH-
TelbHO ocu @ (3HaK — ) (pucyHok 225). Touka nepeceuenus odpamenHot BAX ¢
BAX U,(®) onpenensier monoxeHue padouedr Touku n. [lanpHeitmee pemieHue
3aJ]a4uM MOKa3aHa CTPEIKaMu.

16 HesqiuHeliHbIe L€ IEPEMEHHOT0 TOKA

16.1 O01masi XapaKTepUCTHKA HeJIMHENHBIX LeNel MepeMeHHOro TOKau
METO/I0B UX UCCJIeIOBAHMNS

Henunelinblie nenu nepeMeHHOro TOKa MOTYT COJIEPKAaTh B CBOEU CTPYKTYpeE
HEJTMHEHHBIC JIEMEHTHI JTI000T0 PO/Ia: HETMHEHHBIE PE3UCTOPHI (i), HETMHEHHBIC

KaTyIlIKH (7)) 1 HEIUMHEHHBIE KOHJCHCATOPHl g(u). PU3HYECKHe XapaKTEPHUCTUKU
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HEJIMHEWHBIX JIEMEHTOB Ha IEPEMEHHOM TOKE MOTYT CYIIECTBEHHO OTJINYATHCS OT
MX aHAJOTHUYHBIX XAPAKTEPUCTUK HA IIOCTOSHHOM TOKE.

CylecTBYIOT HEJIMHEMHBIE AIIEMEHTHI, Y KOTOPBIX BPEMS YCTAHOBJIEHUS pe-
KMMa COM3MEPUMO C MEPUOJOM MEPEMEHHOrO TOKA, T.€. MPOSBISAETCS UHEPLUOH-
HOCTh. [lo 3TOMy mOKa3aTent0 BCE HEIMHEHHBIE JJIEMEHTHI Ppa3LENSAIOT Ha
WHEPIMOHHbIEC U OE3UHEPIMOHHBIE.

K WHEpUMOHHBIM OTHOCATCS T€ HEJIWHEWHBIE 3JIEMEHTHI, HEIUHEHHOCTH
XapaKTEPUCTUK KOTOPBHIX OOYCIOBJICHA TEMIEPATYPHBIM PEKUMOM  (JTAMITBI
HaKaJIUBaHUs, TEPMUCTOPHI). Y CTAHOBICHUE TEMIIEPATYPHOTO PEXKUMA B TAKUX
3JIEeMEHTax TpeOdyeT HEKOTOpOro BpeMeHH. Temmeparypa H, CIEIOBAaTEIbHO,
CONIPOTHUBJIEHUE TAKOTO JIEMEHTA ONPENEIAETCS AEUCTBYIOIIMM 3HAYEHUEM TOKA B
HeM. Takum o0pa3zom, Uisi JEHCTBYIOIIMX 3HAYCHUHA TOKAa M HANPSDKEHUs
WHEPUHUOHHBIA 3JIEMEHT SIBJISIETCS HEJIMHEWHBIM, a JJIsi MTHOBEHHBIX 3HAYEHUU B
WHTEpBAJIE IEPUOJIA — TUHECUHBIM.

du3znyeckre XapaKTEPUCTUKU OE3MHEPLUUOHHBIX HEJIMHEWHBIX AJIEMEHTOB
OCTAalOTCSl MPAKTUYECKHM HEU3MEHHBIMM B IIMPOKOM JHMAala3OHE YacToT.
HenuHeitHOCTh TaKMX 37E€MEHTOBIPOSBISIETCS Kak JJIsS JEUCTBYIOUIUX, TaK U JJIs
MTHOBEHHBIX 3HAu€HUN BeIMYMH. HennmHeWHOCTh (PU3NYECKUX XapaKTEPUCTHUK
MPUBOJNUT K MCKAXEHUIO (DOPM KPUBBIX (PU3NYECKUX BEIMYMH HA 3KMMaX TaKHX
aieMeHTOB. Tak, Hampumep, NpU CHUHYCOUJAIBbHOM HAMPSHKEHUH Ha 3aKUMax
O€3MHEPLIMOHHOTO HEIMHEHHOTO PE3UCTOPa TOK B HEM OyAeT HECHHYCOMIaJbHBIM
U, HAa00OpOT, MPU CHUHYCOUJAIBHOM TOKE HANpSHKEHHE Ha €ro 3axumax Oyner
HecuHycouianbHbiM. K O€3MHEepLUHOHHBIM HEIMHEWHBIM 3JIEMEHTaM OTHOCAT
MOJIYIIPOBOJJHUKOBBIE TMPUOOPHI: AMOJbI, TYHHEJIbHBIE JHOJbI, TPAH3UCTOPHI,
CTAOMJIUTPOHBI, THPUCTOPHI U JP.

CraTuyeckuMHu XapaKTEPUCTUKAMU HEIUMHEHWHBIX 3JIEMEHTOB HA3bIBAKOTCSA
COOTBETCTBYIOIIUE 3aBUCUMOCTH u(i) — Jis pe3uctopa, (i) — ais KaTymku, q(u)—
JUJIsl KOHJIEHCATOpa, MOJIYYEHHbIE ITPU MEJIJIEHHOM M3MEHEHUH IEPEMEHHBIX.

JInHaMUYEeCKUMU XapaKTePUCTUKAMU HEJTUHEHHBIX 3JIEMEHTOB HA3bIBAOTCS
Te e 3aBucumoct u(i) , w(i) , g(u) , HO TIOJTyYEHHBIE MPU OBICTPHIX U3MEHECHUSIX
MIEPEMEHHBIX.

[Ipy cpaBHUTENBPHO HEBBICOKMX YacCTOTaX JAMHAMUYECKUE XapaKTEPUCTUKU
MPAKTUYECKA COBIAJAIOT CO cTaThd4ecKUMH. CyHIEeCTBEHHBbIE pPa3Inuvs 3ITHX
XapaKTEepUCTUK HAYMHAIOT TPOSABIATBCS B O0JACTH  BBICOKMX  YacTOT
(pamnovacTor).

DJIEKTPOMAarHUTHBIE MPOLECCHl B HEJIMHEWHOW LENH NEPEMEHHOTO TOKa
MOTYT OBITh OMHCAHBI CHCTEMOW HEIMHEWHBIX UG epeHIInaIbHbIX YpaBHCHUMH,
COCTaBJICHHBIX JUIsI CXeMbI menu 1o ypaBHeHmsiM Kupxroda. B maremaruke He
CyImIeCTByeT OOMMX METOJOB pCeIIeHWsS TaKhuX CHUCTEM YpPaBHCHHHA W,
CJIEIOBATENIbHO, HE CYIIECTBYET OOIIMX METOJOB pacueTa HEIMHEWHBIX Lernen
IIEPEMEHHOT0 TOKA.

Bce 3agaum no pacueTy HEIMHEHWHBIX LENEd NEPEMEHHOrO TOKa B
YCTAaHOBUBUIEMCS PEKUME MOKHO Pa3/I€NIUTh HA IBE TPYIIIIbI.

K mnepBoil rpynme 3amay OTHOCATCS TakWe, B KOTOPBIX LIEJIBIO pacyera
ABIIAETCS. OIPENEIICHUE JCUCTBYIOIIMX 3HAYCHUW TOKOB M HaNpsDKEHUU. Takue
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3aJ1aqu BCTPEUAIOTCS B DJIIEKTPOIHEPTETUKE, Te UCKKEHNE (DOPM KPUBBIX TOKOB U
HaIpsKEHUN HE3HAYUTEIbHBI U HE UTPAIOT CYLIECTBEHHYIO POJib, a ONPEAEIIAIOTCSA
JNEWCTBYIOIIUE 3HAUEHUS STUX BEJINYUH.

Ko BTOpOi1 rpynne 3agad OTHOCATCA TakWe, B KOTOPBIX LENBIO pacuera
ABJISIETCSA ONPENEIICHNE MTHOBEHHBIX 3HAUYEHHI TOKOB M HAIPSIKEHUH, a TaKKe
(GbopM KpUBBIX U TAPMOHUYECKUX CIEKTPOB GyHKUUNA. Takue 3agaun BCTPEUAOTCS
B DJIGKTPOHUKE, TJI€ MPUHIMUII ACHCTBUS YCTPONCTB OCHOBAH Ha MpeoOpa30BaHUU
(GhOpM KPHUBBIX IEPEMEHHBIX C TTIOMOIIHI0 HETMHEWHBIX XapaKTEPUCTHK AJIEMEHTOB.

Metoabl pemieHHs 3ajad MEPBOM M BTOPOW TPyNI MOTYT CYLIECTBEHHO
OTJINYATHCS.

16.2 3ameHa HeCMHYCOUIAJIBHBIX PyHKUMT u(f) u i(7)
IKBUBAJIEHTHBIMHU CHHYCOUIAJIbHBIMH

B snexTpuueckux IEmsX SIEKTPOIHEPTeTHKH, COACPKAIMUX HEIWHEHHBIC
DIIEMEHTHI, UCKaXeHHe (POpPM KpHUBBIX TOKOB M HANPSHKCHWNA HE3HAYUTEIBHBI,
UTPAIOT BTOPOCTETICHHYIO POJIb U UMU MOXXHO TpeHeOpeub. s wccnenoBaHus
TaKUX IIeMed MOXXHO TPUMEHSATh TaK Ha3blBa€MbIi METOJ[ JKBUBAJICHTHBIX
cunycoua. CylIHOCTh METOa COCTOUT B TOM, YTO TIPH HE3HAYUTEIbHBIX UCKaXe-
HUSX (POPM KPUBBIX HECUHYCOUTAIbHBIC (PYHKIIMU TOKOB U HaNpsoKeHUH i(¢) u u(t)
3aMEHSIOTCS DKBUBAJICHTHBIMU T10 JIEWCTBYIOMIEMY 3HAYCHHUIO CHHYCOUIATBHBIMU
byHKIMsIMU (pucyHOK 226a, 6).

[Tpu Manbix UCKaXeHUSX (OPM KPUBBIX BBICIINE TAPMOHUKU MPAKTHUICCKU
HE BIUSIOT HA BEIWYUHY JCHCTBYIONIETO 3HAYCHUS (DYHKIMH, TOITOMY
JCICTByIONIEE 3HAYCHHE HECHHYCOMJAIbHOW (YHKIIMH MPAKTUYECKH PaBHO
JICHCTBYIOLIEMY 3HAUCHUIO €€ IEPBOM TapPMOHUKH.

f f
Fﬁ‘?G‘X
fif)
F F
i Aty ”
Fm::.'x //
£ A1)
1) t
a) 6)
Pucynoxk 226

[Tpu nepexose K SKBUBAJICHTHBIM CUHYCOUJAM MPOUCXOIUT IOJIHAS MTOTEPs
uHpopMaluu o QopmMax KpUBBIX (PYHKIMHA, WX TapMOHHUYECKHUX COCTaBax,
MaKCHUMyMaxX U MUHUMYMax H T. JI.
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[Ipn pacdere HEIMHEHWHBIX LENEH METOJOM 3KBUBAJIEHTHBIX CHUHYCOHW]
bu3nYecKre XapaKTePUCTUKU HEJIMHEHWHBIX 2JIEMEHTOB u(f) — AJisl pe3ucropa, w(i)
— Jna  KaTymwku u  q(u)— IS KOHJIEHCATOpa 3aMEHSIOTCS  pacUETHBIMU
BoJbTamnepHbiMU xapaktepuctukamu U(I) unu [(U) nns nedcTByIOMUX 3HaYECHUN
SKBUBAJICHTHBIX CHUHYCOMJAIbHBIX BelU4YMH. PacuerHble BAX nis KOHKpPETHBIX
JUHEHHBIX JJIEMEHTOB MOTYT OBITh TOJYYEHBl OSKCHEPUMEHTAIBHO IyTEeM
IIPOBEJICHUS U3MEPEHUM NEUCTBYIOIMX 3Ha4eHUM U U [ B IPONU3BOJIBHOM PEXKUME.
Ecnu 3amanpl ¢pusznueckne XapakTePUCTUKU JJIT MTHOBEHHBIX 3HAYCHUN BEIUYMH,
TO cooTBeTcTBytonme BAX Moryr OBITh NOJYyYE€HBl PACUETHBIM IyTEM s
CHHYCOMJAJBHOTO pEXHMa [0 HANpsDKEHUIO WM TOKy. Hampumep, mycth
BeOepamIepHas XapakTepUCTUKA HEIMHEHHOM KaTylIKU BbhIPaXKaeTCsl ypaBHEHUEM
i(wy=ay+ by’. Tlpu CHHYCOMJANGHOM HANpPSDKCHMM HA 3aKUMaX KaTyIIKH

u(t)=U,sin(wt—90°) ee TMOTOKOCIEIUICHHUE Takke OyAeT HU3MCHAThCA 10
CUHYCOHJIAJIbHOMY 3aKOHY :

U

m

u . .
l//(t):judt:_mSIIla)t:\Pm .Slna)ta rﬂe\Pm =
w

3aKkOH M3MEHEHHA TOKa B KaTyIIKE [OJYyYMM U3 ypaBHEHUS
anIpOKCUMALUN:

i(ty=ay+by’ =a¥, -sinot+b¥,’sin’ wt =...= 1, sinwt —1I,, sin3et + 15, sinSwt

1
JleiicTByIoIICE 3HAYCHHE TOKa Oyzet paBHo: { = \/ 5 (I, +1, +15,°) .

Cnenyet umeth B BUy ToT ¢akt, uto BAX U(]) HeNMMHEHHBIX JIEMEHTOB,
CHSITBIC KCIIEPUMEHTAILHO WJIU TIOJYyYEHHBIC PACUETHBIM IyTEM, COOTBETCTBYIOT
OTpEACIEHHOMY PEXKHUMY, TpPH KOTOPOM OHU OBLIM TOJYYEHBI, HApUMED,
CUHYCOUJIAIbHOMY HaNpsOKEHUI0. B yCIIOBHAX KOHKPETHOH 1IN HAMpshKEHHE Ha
ATUX JJIEMEHTaX MOTYT CYIIECTBEHHO OTIMYATHCS OT CHHYCOMIAIBHON (DOPMBI,
nodToMy  peanbHbie BAX  MOryT  HECYIMIECTBEHHO  OTJIMYATHCS  OT
OKCIIEPUMEHTATILHBIX WU PACUETHBIX.

16.3 MeToabl pacuera HeJIMHEHBIX Lenei MepeMeHHOro TOKa Ha OCHOBe
BAX i1l 3KBUBAJIEHTHBIX CHHYCOM/L

3aMeHa HECUHYCOMTAIbHBIX (DYHKIUHN i(f) W u(f) SKBUBAJICHTHBIMU CUHYCOU-
JATbHBIMU TTO3BOJISIET MPUMEHHUTH K pacdeTy HETMHEHHBIX IIeTIei TepeMEHHOTO
TOKa KOMIUIEKCHBIN METOJ CO BCEMH BBITEKAIOIINMHU U3 HETO MPEUMYIIECTBAMHU.

B npocTeiimux ciydasix, Korja cxeMa Iemd COCTOUT TOJIBKO U3 TOCIeA0Ba-
TENHHO WM TOJBKO W3 MapajuIeIbHO BKIIFOUEHHBIX 3JIEMEHTOB, PEUICHHE 3aJa4d
MOJKET OBITh BBITIOJHEHO TpadudecKu MeTooM ciiokeHuss BAX. OtnuuntensHOU
OCOOEHHOCTBIO JAHHOTO METOJ/Ia SIBJISIETCSI TO OOCTOSTEIhCTBO, UTO OTICIHHBIC
BAX cxmanpiBaoTcsi He apu(METHYECKH, KaK O3TO HWMEJIO0 MECTO B IeTsX
MIOCTOSTHHOTO TOKa, a BEKTOPHO B COOTBETCTBUM C ypaBHeHUsMH Kupxroda B
KOMITJIEKCHOHU (BEKTOpHOM) hopme.
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[Iyctb  TpeOyeTcst ~ paccumTaTh  pPEXUM  HEIMHEHHOM  Lemu  C
MOCJIEIOBaTENbHbIM coeuHeHrneM nuctounuka DJC E, nuHeitHoro pe3ucrtopa R u
HenuHeHou katymku ¢ BAX U (/) (pucyHok 227a)

n_~ Ul

URl1)
I R un
- | (1
L S
O
a) 6)
Pucynox 227

[TocTtpoum B ogHOM cucteme koopauHat U—/ rpadudeckue quarpamMmmel BAX
OTZIENBHBIX 31eMeHTOB: pe3uctopa Uzr=IR u xatyumku U;(I). BekTopHoe cnoxeHnue
BAX oTnenbHbIX 351eMEHTOB 10 oc U clielyeT BBIIIOJIHUTH B COOTBETCTBUU CO

BTOPBIM 3akoHOM Kupxropa U =4/U o +U, B pe3ynbTaTe CIOKEHUS OTyYUM
pesyastupyromyo BAX U(]) (pucynok 2276). [lonoxxenue paboyeit TOUKY n Ha
pesynbTupyromeit BAX onpeaensiercs ycinosuem U=E. [locnenoBaTeabHOCTh
rpaduueckoro peieHus rnokasaHa Ha pucyHke 2270 cTpeakamu.

Ta ke 3a1aua MOKET ObITh pellieHa aHATUTHYECKH METOJIOM
NOCIeA0BATEIbHBIX MPUOIMKEHNH. Tak Kak B aHaJTUTHUECKUX METOAaX pacueTa
UCHONB3yeTCst MaTeMaTuueckas popma BAX, To 3anannyto BAX nenuneitnoi
KATYIIKH alIPOKCUMHUPYEM OJHMM U3 ypaBHEHHit, Hanpumep [=aU+bU’.

CocraBnsieTcs cXeMa BBIUHCIECHUM:

U, — 3a1aloTrcs B IEpBOM pUOIIMKEHNH. Jlanee CleayoT BBIYMCICHHS

I'=aU, +bU) — UL=RI' —» E'=\U,+U," — E><E — U"

!

W T.JL. 10 JOCTHKEHHS TpeGyeMoil TOYHOCTH, HarpuMep, © = T <0,01.

MeTton nocneoBaTeabHbIX TPUOIIKEHUH TPUMEHUM K PAcUeTy CXEeM JIF000H
CJIO)KHOCTH. BpIuncieHuss B OTAEIBHOM LUKIIE IS CIOKHBIX CXEM BBITOJIHSIOTCS
B KOMIUIEKCHOM ¢opme. B kauecTBe mnpumepa MpHUBEAEM pPACUET CXEMbI
(pucyHok228). 3agaHbl mNapameTpbl JHHEHHBIX 3JieMeHTOB E,R, Xc.. BAX
HEJIMHENHBIX  JJIEMEHTOB  3aJaHbl  AHAJIMTUYECKH B  BHUJAEC  YPaBHCHUHU

armpoxcuManun: U, =al +bI°; I, =cU+dU” .
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— I l .
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i Us

<> Y h{Us)

Pucynox 228

Jliis vccneayemMoii cXeMbl cucTeMa KOMIUIEKCHBIX ypaBHeHu# Kupxrodga co-
BMECTHO C YPAaBHEHUSMM alllIPOKCHMAIU UMEET BU:

(L -1,-1,=0(1)
U +U,=E (2)

< -U,+U;+U,=0(3)

U, =al, +bI’ (4

\ I;=cU,+dU; (5)

OnuH W3 BapUAaHTOB PELIECHUS NOJYYEHHOW CUCTEMBI YPAaBHEHHIl METOAOM
MOCIIEA0BATEIBHBIX MPUOIMKEHH MTPEICTABICH HUXKE.
1) 3aparoTcst B mepBOM NPUOIMKEHUH KOMIUIEKCHBIM HAINpSKEHHEM Ha

o ) 0
HEMHENHON Karyiuke, Hanpumep: U', =50e’”
2) Ompepensiercs MOAYIIb TOKa /3 aHanuTHUECKU U3 ypaBHeHus (5) WM rpa-

¢uueckn mno guarpamme Qynkumu I (U;). AprymMeHT 3TOro KOMILJIEKCa

npuHAMAaeTCst paBHBIM —90°(B  KaTyIlIKe TOK OTCTAET OT HAMPSDKCHUS Ha yrol
©=90°). B xommiekcuoii popme I’ =1 e .

3) OnpenensieTcs HaNpsHKEHUE HA JUHEMHOM pe3ucTope mo 3akoHy Owa:
Usy=I1y-R.

4) U3 ypaBHeHus (3) HaxoAWTCS HANpsHDKEHUE HA  KOHJEHCATOPE:
Q’z = Q’3 + Q’4 .
'2

5) Tlo 3akony OMa ompesenseTcs TOk Konaencaropa: 1, = o
—JAc

ja

6) U3 ypaBHeHus (1) HaXOIUTCS TOK UCTOYHUKA I'=I'+1';=1 1' e,

7) Ompenensiercss MOTyiIb HanpsokeHnst U| aHanuTHYeCKH U3 ypaBHeHUs (4)
i rpadpudecku no guarpamme GyHkuu Ug(lg). ApryMeHT 3TOro Komiiekca mpu-
HUMAETCSI PABHBIM apryMEHTy KOMILIeKca Toka | (B Pe3HCTOpe TOK COBIAAET C
HanpsokeHneM). B xommrekcHoit gopme U', = U - e’*

8) U3 ypaBHenus (2) HaxoauTcsi pacuetHoe 3HadeHue OJIC:
E'=U"+U, =E'"-e"”
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9) CpaBHUBAIOT HaAWJACHHOE B MEPBOM NPUOIIKEHUU 3HAUYCHUE MOIYJIsS
DAC E' ¢ szamamneiv 3HadenneM DJIC E ¥ ¢ yd4eTOM BHMIA IOJy4E€HHOTO

nepasenctBa £’ > < E 3amarorcs HOBBIM 3HaueHHeM Hanpsukenns U, Bo BTopom
OpUOIIKEHNH M TMOBTOPSIOT pacyeT Mo ToMy ke anroputmy. Llukmber pacuera
(uTepalu) MOBTOPSIIOT A0 JOCTHXKEHHS KeJlaeMoil TOYHOCTH. B pesymbpraTax
NOCIEAHET0 IUKIA KOPPEKTHUPYIOT apryMEHThl KOMIUIEKCHBIX TOKOB U
HANpsOKEHUH MyTeM 100aBlIeHNs K HUM 3Ha4eHUs —f.

16.4 Pe3zoHaHCHBIC ABJICHUS B HEJIMHEHHBIX HEMAX

Pezonanc B menm, comepXKalmed — HEIMHEMHYK)  KaTylmIKy €
(beppOMarHUTHBIM CEPACYHUKOM M JIMHEHHBIA KOHJEHCATOP, MOJIyYn Ha3BaHUE
deppope3onanca. Jljii KayeCTBEHHOTO HCCIEAOBaHUs SBJICHHS (heppope3oHaHca
BOCIIOJIB3YEMCSI METOJIOM KBHBAJIEHTHBIX CUHYCOU.

®deppope3oHaHC HaAmpsDKeHUH OyneT HMMETh MECTO B CXeMe ¢
NOCJIEIOBATEIbHBIM COEAMHEHUEM 3JIEMEHTOB (PUCYHOK 229a) mpu BBIIOJHEHUU
ycnoBus  U;=Ug.

['padpuueckuit pacuer cxemsl MpeAcTaBieH Ha pucynke 2296. BexkropHoe
cioxkenue BAX otaenbHbix 31eMeHTOB Ug(1), U (1) u Uc(I) npou3BoauTCs B

COOTBETCTBUU C ypaBHEHHEM 2-ro 3akoHa Kupxroga U = \/ U  +U,-U.).
1
ul)

O * U A 2

T § I!URII]

h Iy I
a) 6]

Pucynox 229

[Ipu nnaBHOM moBBIIIEHHH HampspkeHuss or 0 go U; Tok OynmeTr Takke
mwiaBHo u3MeHsaTcs or 0 mo /. Ilpm U=U; mnpowusoiiaer ckauykooOpazHoe
u3MeHeHue Toka ot [; 1o L. Ilpu nocnenyroniemM MoBbIIEHUH HANPsKEHUs: Oyaer
HAOMIOAAThCSl OMNATH IJIaBHOE HM3MEHEHHE Toka. [lpu miaBHOM yMEHbIIIEHUU
HaIpsDKeHUsT O0paTHBINM CKauek Toka oT [y 10 [; mpou3oiaeT mpu HanpsKEeHUU
U=U,. VYyacrokx BAX 1-0 ¢ orpunarenbbiM gauddepeHmaabHbIM
COTIPOTUBIICHUEM SIBIISIETCSI YIaCTKOM C HEYCTOWUYUBBIM PEKUMOM PaOOTHI U MPHU
nuTaHud 1ienu  oT uctounuka JJ[C sKCrepuMEHTaIbHO HE MOXKET ObITh
3apuxcupoBan. Ecnu nutath 1ens OT UCTOYHUKA TOKa J, TO MOYKHO TOJIYYHUTh BCE
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Touku BAX, BKkitouas 1 HeycToW4YuBbIN yyacTok 1—0. Pe3oHaHCy HampsiKeHu Ha
pesyaptupyromeit BAX coorBerctByer Touka 0, I KOTOPOMl BBINOJHSAETCS
ycinoBue U;=Uc. Takum oOpa3om, ucciemyemas HEIWHEWHas Ienb o0iamaet
CIEAYIOUIMMU CBOWCTBAMHU, HEXapaKTePHbIMU JUIsl JMHEWHOW uenu: 1) peso-
HAHCHBIA PEXHM B LEMH JOCTUTAeTCs] M3MEHEHUEM NPUJIOKEHHOTO K HEW Ha-
psDKeHUS; 2) B e MOTYT UMETh MECTO CKauyKooOpa3HbIe M3MEHEHHS TOKa WU
TpurrepHbiid 3hdexT; 3) mpu OJHOM M TOM K€ HAIPSHKEHWW NCTOYHWKA B IICTIH
MOTYT HaOJIFOMAThCS TPU PA3TUYHBIX PEKUMA, OJIUH U3 KOTOPBIX HEYCTOWYUBEIN.

[Tpu napanienbHOM COEAMHEHUH TEX e DJIEMEHTOB B LieNu OyieT
HaOmoaaTses peppope3zoHaHc TokoB. Ha pucynke 230a npencraBiieHa cxema
1enu, a Ha pucynke 2300 ee rpadudeckuii pacyer.

1AL
L)

Ipl I l I

-—

l'.l'l l'.m.f.lv

a) 6)
Pucynoxk 230

Bekropnoe cnoxenue BAX otnenbhbix anemeHToB  IR(U), IA(U), I(U)
IIPOU3BOJUTCS B COOTBETCTBMU C YypaBHeHHWeM |-ro 3akona Kwupxroda:

[=AI+,-1.)" .
HpI/I IJIAaBHOM YBeJII/ILIeHI/H/I HaHp}I}KeHI/I}I TOK BHa4daJic IIJIABHO

YBEJIMYMBACTCS J0 3HAUEHUS /|, 3aT€M YMEHbILIAETCsA 0 3HAYeHUs [, MOCIE Yero
HaOoAaeTcst ero ObICTPbIN pocT. Pe3oHaHCHOMY peXKuMy COOTBETCTBYET Touka 0

Ha pesynbTupyromei BAX, mis kotopoit codmomaercs yenosue 1, =1,

[Ipy mnuTanuuM 1enu OT HUCTOYHWKA ToKa J OyayT HaOI0gaThCs
CKauKOOOpa3HbIC N3MEHEHUS HAIIPSKEHUS HA €€ BXOJIE.

16. 5. HesqinHelHasi KaTylIKa ¢ CEPACYHUKOM Ha EPEeMEHHOM TOKe

PaccmoTpum  (u3uueckue IMpolecchl, MNPOTEKAIoMe B KaTYyIIKe C
CepACYHUKOM Ha MMEPEMEHHOM TOKe (pucyHok231a).
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[Iporekaromuit Mo OOMOTKE W TOK [ CO3JAa€T MAarHUTHBII MOTOK @,
OoJibllIasi 4acTh KOTOPOTO (OCHOBHOM TMOTOK) ¢, 3aMBIKAE€TCS MO CEPACUYHHUKY, U

HE3HAYUTEIbHAS YacTh (IIOTOK paccesHus) ¢h,— mo Bo3ayxy. OCHOBHOM MOTOK ¢,
HEJIMHEWHO 3aBUCUT OT TOKAa I, a TMOTOK PACCESHUS MPOMOPIIMOHATIEH TOKY,

CJIICOOBATEIBHO: Lg = =consl — PUHAYKTUBHOCTL pacCesHUs.
I ]
.y
.=
ul t O] ')*

o)

al

Pucynok 231

[IpoTtekatomuii M0 OOMOTKE W TOK [ CO37a€T MarHUTHBIA TIOTOK ¢,
OoJibllIasi 4acTh KOTOPOro (OCHOBHOM TMOTOK) ¢, 3aMBIKAE€TCS MO CEPACUYHHUKY, U
He3HAYUTEIbHAsA YacTh (IIOTOK paccesHus) ¢h,— mo Bo3ayxy. OCHOBHOM MOTOK ¢,
HEJIMHEMHO 3aBHUCUT OT TOKa i, & IOTOK PAaCCESIHUS MPOMOPUUOHAIEH TOKY,

. L _ ¢S "W _ l//S
CJICO0BATCIbHO. Lg — R - .
l l

ONEeKTPUYECKOE COCTOSIHME LIeMM MOXKHO ONUCaTh  HEJIUHEHHBIM
g depeHInaIbHbIM YPaBHEHUEM:

= Const — UHIYKTUBHOCTb PACCESHUA.

u= Rz+d"” R+dl//S av, =Ri+ L —+w i Ri+LSﬂ+u0,
dt dt dt S dt dt dt

IIpy cuHycOMIanbHOM HAIPSDKEHWHM Ha 3aKUMax MCKaxeHus (opm
KPUBBIX JIPyTUX TMepeMeHHBIX (i, ¢b,) OyayT HE3HAYUTEIbHBI, MOITOMY IS
UCCJIEIOBAHUE PEXUMA KATYyIIKM MOXXHO IMPUMEHUTH METOJ SKBUBAJEHTHBIX
CHUHYCOM/I.

VYpaBHeHHe 11eTu B KOMIUIEKCHON (hopMe TOTYyYUT BU:

U,=RI, +joLl, +jowv®, =1, (R+jX)+U,, — Mg KOMIUIEKCHBIX
aMIUTUTY;
U=I(R+ jX;)+U,— nis KOMIJIEKCHBIX JEUCTBYIOIUX 3HAUCHUI.

JIaHHOMY ypaBHEHHUIO COOTBETCTBYET SKBUBAJICHTHAsI CXEMa 3aMEILEHUs Ka-
TYIIKA C CepACYHUKOM (pucyHOK 2316), B KOTOpPOH MPHHSITHI CIEIYIOIINE
oOo3HaueHus: R, Xg — aKTHUBHOE U PEAKTUBHOE (PacCesiHHs) COMPOTHBIICHUS
oOMoTKu KaTtymku; G,, B,— akTUBHasg M peakTUBHAs MPOBOJUMOCTH, BHOCUMBIE

CEpPACYHUKOM, 3HAYEHUsI KOTOPBIX JJIsI KOHKPETHOU KAaTyIIKH OINPEIEIISIOTCS Yepes
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P
MOIIHOCTh MOTEPH B CEPJICUHUKE (G, = #) Y HAMarHWYHBAKOIIYOCS MOIIHOCTb

0
O
U,’
BekTopHas [uarpamMma Jijisi CXeMbl 3aMEIICHHs] [I0Ka3aHa Ha PUCYHKe 232:
+l

(B, =

Uﬁ fiX-

Un :E

L

+1

Pucynoxk 232

BceneactBue Hanuuus notepp B CEpACUHUKE, MArHUTHBIA MOTOK D, Oyner
OTCTaBaTh OT TOKA /HA YroJI ¢, KOTOPBIM NPUHATO HA3bIBATh YIJIOM IIOTEPD.

16.6 TpancdopmaTop ¢ cepaevYHNKOM U €ro cxemMa 3aMelleHust

Kaptuna pacmnpeneneHusi MarHUTHBIX TIOTOKOB B TpaHchopmarope c
CEepACYHUKOM MOKa3aHa Ha pUCYHKe 233:

tha i, iy
R e b
Pucynok 233
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L, = W ’.¢Sl

j — HHAYKTUBHOCTDL PACCCAHUA HCpBH‘IHOﬁ 06MOTKI/I,
1

w,-@
L _ 2 S2 o
S§2 l — I/IHJ_IYKTI/IBHOCTB paCCCﬂHI/IH BTOpI/I‘-IHOI/I O6MOTKI/I.
2

OCHOBHON MOTOK @¢),, 3aMBIKAIOUIMICA MO CEPACYHUKY, CO3JAETCA  C

cymmapsoit MJIC, ¢ KoTopoii oH cBs3aH HenuHeiHO: F =1W, +i,W, .
HNuddepenyanbabie ypaBHSHHS )11 IEPBUYHON U BTOPUYHOM 1IETICH:

di dg
u =Ri + Ly —+w—>
1 1%1 S1 dt 1 dt
di dg

Ri,+Ly,—2+w,—+u,=0

272 S2 dt 2 dt 2
__. 4, __., a9
Beenem oOo3Hauenus: € =W o €, =W, gy > ToTAa ypaBHeHNs

IIPUMYT BUL:

) di
u =Ry + L 71_81
t

) di
e, = R,i, +L327;+u2

AHanu3 NOJIy4eHHbIX YpaBHEHUN MOKa3bIBaeT, yTo J/]C B nepBUUHON LENU
e, HampaBJieHa HaBCTpedy IMPUIOKEHHOMY YPaBHEHUIO U, W YPaBHOBEIIMBAET
OOJIBIIIYI0 €r0 4acTh, T.€. Urpaer posib nmpotuBoiaeicTByromeit IJC, a DJIC Bo
BTOPUYHOM LIENU e, CO3/IaeT TOK I, , T.€. UTpaeT poJib reneparopHoit JJ1C.
[IpumenrM K ypaBHEHUSM TpaHCcPopMaTopa METOJIOM SKBUBAJICHTHBIX
CHUHYCOH/I U 3aIllUIIEM UX B KOMIUIEKCHON opme:
Ui=LR+1jX5 —E =R +jXg)I, - E,
E,=LR, +1,jXs, +U, =(R, + jXs,)I, +U,
Ecnu unciia BUTKOB 0OMOTOK CYIIECTBEHHO OTINUYAIOTCS, T.€. KOd(PPuImeHT

W,
" o
tpancdopmanuu kr =— >>1 10 Bce mepeMeHHbIE BEIMYHMHBI BTOPUYHOM LIEMH
w,

(IIPpUBOIAT» K HepBI/I‘{HOﬁ OCIIN. HpI/IBGILCHI/IC 3aKJIIOYaCcTCA B 3aMCHC PCAaJIbHOT'O

w
_ 1

tparcdopmaropa ckr T >>1 3KBHBaTCHTHBIM PAacUETHBIM TPAHC(HOPMATOPOM
2

M

¢ kooddummentom Tpancdopmamu Ky = =1. Bce npusenenHbie BeTHUHHbI

2
0003HAYAIOTCSI IITPUXOM CBEPXY. YCIOBHEM SKBUBAJICHTHOCTH TPUBEICHHON
CXEMBI SIBJISFOTCSL:

19 ! !
1) coxpanenue Ge3 U3MEHEHHs HaMmarHuuuBaromei cuwisl F, = I,w, =1,w, ;
2) coxpaHeHue 6e3 u3MeHeHus MomHoct S, =U, 1, + U1, .
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@opMyJIbl IPUBEICHHUS:
1) W) = W, — COIIACHO YCJIOBHIO;

w 1
f =—1I,.
w, k7’
ryr / 12
3) Uy, =U,I, = U,=U,—

!

2) Lowy =1,w, = I, =1,

= kTUz;

4) Zé = U,z = U, :szzz .
1 1 ’
R

kT
1
5) Y, = %; = k—Tz Y,
YpaBHeHUs IPUBEIECHHOTO TpaHCPOpMaTOpa MOTydaT BU/:
Uy =R+ jXs)I, - E,
=R+ jXéz M, +U,
DOTHUM ypaBHEHHUSM COOTBETCTBYET CXeMa 3amelieHust (pucyHok 234):
."1__F R Xa X' R b
._:lm/\ m:I:,_

In

" 6. }| o ]

Pucynox 234

OcHoBHO# MarHUTHBINA TTOTOK @, cozmaercsa cymmon MJIC ob6enx 0OMOTOK.

ITo 3akony OMa 1J1st MArHUTHOM 1ETIH:
D = Liw +1',w) N I'w _ Lyw
= Z Z zZ

—_—M —_—M —_—M

rae  Zy,— KOMIUIGKCHO€ MarHUTHOE COTIPOTHBIICHHE cepaeynnka, [,=1 +1',—
CyMMAapHbI HAaMarHMYMBAIOIIMKM TOK, PABHBIM TOKY X0JIOCTOTO xoaa. M3 nmomxydeHn-
HOT'O YPaBHEHMS CIEIYET:

I, =1,-1',, T.e. TOK nmepBUYHOI IienH TpaHchopMaTOpa pPaBEH CyMME TOKa

4
XOJIOCTOTO X07a /, M IPHBEIEHHOT0 BTOPUYHOTO TOKa ¢ 0OpaTHBIM 3HaKoM (— 1,

Bekropras agumarpaMma TOKOB ¥ HaNpsDKEHWUW N7 TPUBEICHHOTO
TpaHchopmaTopa oKazaHa Ha pucyHnke 235.
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bL'Xew

Pucynok 235

16.7 YupasiasieMasi KATylIKa MHAYKTHBHOCTH

Lo |
h L/
e ai I e SACA N
Y TP @ \/J ‘
Al | —
a) 6)
Pucynoxk 236

VYrpapiseMas HEIMHEHHAs KaTylIKa WHIYKTUBHOCTH COJICPYKHT Ha OOIIEM
MarHUTOINpPOBOJE JIBE OOMOTKHM, OJHAa M3 KOTOPHIX pabodas oOMOTKa W,
BKJIFOYAETCS] B 1IN NIEPEMEHHOTO TOKa B KAaueCTBE YIIPABISEMOTO DJIEMCHTA, a
BTOpasi — 0OMOTKa YIIPaBJICHUS Wy, KOTOPasi TUTACTCSA OT UCTOYHHKA TTOCTOSTHHOTO
ToKa J (pucyHok 236a).
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[TpuHIMTT yripaBieHUs 3aKJIIOYACTCS] B TOM, YTO TP YBEIMYCHHUH TOKA B
0OMOTKe ympaBiieHUs [, IpoliecC NepeMarHUYMBaHUs CEPACUYHHKA CMEIIACTCs B
0071acTh HACHIIICHHUSI, TIPY 3TOM IS TIOTYyYEHHUS TOTO KE 3HAYCHUSI TEePEMEHHOTO
NoTOKa TpedyeTrcs: OONBIINK TIePEeMEHHBI HaMarHMYWBAIOIINN MTOTOK MEPBUYHON
0OMOTKH (pUCYHOK 2360), 4TO IKBUBAJEHTHO YMEHBIICHHUIO €€ WHIYKTHBHOI'O

CONIPOTHUBIICHUSA X, =aL .

YnpasinseMble KaTyIIK{ HAIUTd IPUMEHEHUE B YCTPOMCTBAX aBTOMATUKH U
yHOpaBICHUS, B MATHUTHBIX YCHUJIMTEISX MOIIHOCTH.

MarauTHelil yCUIIUTENIb COCTOMT M3 JIBYX OJIMHAKOBBIX YIIPaBIISIEMbIX
Karyuek (pucyHok 237a):

I Ry E

ERE

|l wn [+ W ! Uy (1)
Y a
. N s U,
> O el
- -
\J L
* | Wy * W

a) 6)
Pucynox 237

PabGoune oOMOTKM KaTyllek MOTYT BKJIIOUAThCA MEXIy co00#l mocienoBa-
TEIbHO WU MapajijiesibHO, HO 005S3aTelIbHO COTJIACHO, a OOMOTKH YNPaBICHUS —
TOJIbKO MOCE0BATENIBHO U 00s13aTeNbHO BCTpeuHO. [Ipu Takoii cxeme BKIIOUEHHUSI
HaBOAMMBIE B OOMOTKax ympasiieHust nepemennsie J/[C OyayT HampaBieHbl Ha-
BCTpeduy JApyr Jpyry H© B3aUMHO KOMIIEHCUpoBaThcs. Takum oOpazom
UCKJIIOYAeTCs BIMAHUE padoyel 1Ienu Ha 1eMb YIpaBIeHUsI.

Uccnegyem paboTy MarHUTHOTO YCUIJIUTENSI METOAOM SKBUBAJIEHTHBIX CUHY-
COMJI.

CewmeiictBo auarpamm BAX U;(/) MarHuTHOTO yCUJIMTENS NIl Pa3IUUHBIX
3Ha4YeHUM ToKa [y uMeeT BuJ (pUCYHOK 238):
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]

I E/Ru
Pucynox 238

[lpu axkTHBHOW Harpy3ke MarHuTHoro yewiurens Z, =R, +j0
HKBUBAJICHTHAsI CXeMa BCEH Ienu moiyuuT Buj (pucyHok 2370). [To 2-my 3akoHy
Kupxroda st 5KBUBaJICHTHON CXEMBI:

E=I-R,+U,(I,)- B xommuekcHoii popme mmu E I\/(I-RH)2 +U,” - s

2

2

U, 1
MOJyJIEH, OTKyAa CIIEeIyeT F T 7 =1 _ YPaBHEHUE DJUIAINCA C
RH

E

R,

Taxum oGpazom, ansa onpezenenus napamerpoB pexxuma Uy, Uy, I Maraut-
HOIO YCWIIMTENA IPY 3aJaHHOM Harpyske Ry M 3aJlaHHOM TOKe yIpasiieHus I,
HeoOxoauMo Ha rpadudeckoit nmuarpamme cemeiictBa BAX mpoBectu smmwmrc ¢
nonyocsiMu E u E/Ry, TOUKa nepecedeHusi KoToporo ¢ 3aaanHoit BAX omnpenenut
noJio’keHue padouei Toku n. M3 auarpaMmbl HEMOCPEACTBEHHO omnpeaenstores Uy
U [, a onpesieIeHne IPYTUX BEJIMYMH YK€ HE MPEIACTABIISIET CIOKHOCTH.

OTHOCHUTENBHO HEOOJBIIOE W3MEHEHHE MOIIHOCTH B LIENU YHpPaBICHUS

nonyocsmu Eu 1 =

2 2
AP = L =172 )Ry BBI3BIBAET CYIIIECTBEHHOE U3MEHEHUE MOIITHOCTH,

notpebnsiemoii  Harpyskoii: AP, =(I*1 —I*2)R,,. Kosdpduuuent ycuieHus
A})111
AP

y

MAarovMTHOIO yCHUJIMTCIIA 11O MOIIHOCTH OMNPCACIIACTCA KaK OTHOIICHUC K y =

H COCTaABJIACT HECKOJIBKO JCCATKOB CAUHMUII.

16.8Pacyer MIrHOBEHHBIX 3HAYEHHUII MAapPaMETPOB PeKUMA
rpapuyecKuM MeToa0M
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[Ipu pacuere MTHOBEHHBIX 3HAUEHUN HANpsKeHUW u(f) U TOKOB i(f) B He-
JMHENHON I1enu MCHOJB3YIOTCS (U3MYECKUE XapaKTEPUCTHKU HEJIMHEHHBIX JIe-
MEHTOB, @ UMEHHO: BOJIbTaMIIEpHas XapakTepuctuka u=f(i) uim i=fu) anus pe3u-
cTopa, BeOepaMIiepHas XxapakTepucTuka i=f(y) wim w=£(i) 1Jisl KaTylIK1 U KyJIOH-
BOJITHAS XapaKTepUCTHKa q=f(u) i u=f(q) 1y1sl KOHEHcATOpa.

B npocreiimux ciydasx, €Ciu 3aJjaH WM MOXET ObITh PACCUUTaH 3aKOH H3-
MEHEHUS BO BPEMEHHM OJIHOM W3 CIApPEHHBIX (U3MUECKUX BEIMYHMH, TO 3aKOH
W3MCHEHHUS BO BPEMEHH APYTrod BETUYMHBI MOXKET OBITH TMOJIy4eH TrpadudecKu
METOJIOM TPOEKIMH 3aJaHHOM (PYHKIMHW Ha COOTBETCTBYIOIIYIO (DU3UYECKYIO
XapaKTEpUCTUKY HEJIMHEHHOTO J3JieMeHTa. B KkadecTBe mnpumepa paccMOTpUM
rpauueckuil pacyeT TOKA HETMHEHHON KaTYIIKH B PEXUME CHUHYCOMIAIBHOIO
HaIpsDKeHUS (TOKa XOJIOCTOTO X0/1a TpaHcpopmaTopa) (pucyHok 239).

Pucynoxk 239

[IycTh K 3aXuMaM KaTylUIKd MpWIOKEHO HampsbkeHue u(t)=U, -sina.
MarHuTHbIN OTOK B CEPACUHUKE CBSI3aH C HAIPSIKEHUEM YPABHEHUEM UHIYKIUU:

___ . d¢ 1 U . ,
u=-e=w— orkyna @(t)= —Iu -dt =—"(—cosat) =D, sin(wt+90°).
dt w ow

I'paduueckue muarpammbl yHKIMM u(f)u ¢h(f) mokazansl Ha pucynke 240.
Cnpaga npuBeicHa BeOep-aMIlepHasi XapaKTepUCTUKa ¢h(i)MarHUTHOM 1K B BUJIC
NeTIM TUCTEpPE3Uca, COOTBETCTBYIOIIAS PACUETHOM aMIUIMTYyA€ MAarHUTHOIO
notoka @,,. PacueTHble TOYKM HCKOMOW (DYyHKIMM i(f)OTy4darOTCS METOAOM
MPOCKIMK TOYEK 3adaHHON (yHKIUMU ¢h(f)Ha BeOep-aMIIEpHYIO XapaKTEPUCTUKY
¢@(i)MarHUTHOM LICTIH.

Jlns  moctpoeHuss rpaduyecKor guarpaMMbl  UCKOMOW  GyHKIMHU  i(f)
UCCIeIyeMbIit mHTepBai BpeMeHu (niepuos 1) pa3OuBaeTcs Ha OTAEIbHBIE OTPE3KU
Atr. JIg KaXIoro MOMEHTa BPEMEHHU [, f,, I, ... ONPEACISIOTCS Ha JUarpamme

KOOPAMHATHI TOYEK 3aAaHHON QyHKUMU ¢, ¢,, @, ,..., KOTOPBIE IPOCKTUPYETCS
Ha Ha BeOep-aMIEpHYI0 XapaKTepucTuky ¢h(i) marHuTHOW mnenu. HalineHHbIe
COOTBETCTBYIOIIME 3HAYCHHUS WCKOMOW QyHKIUUA i,, i,, [,... B wmacmrade
OTKJIA/IbIBAIOTCS Ha JauUarpamme JJisi KaXI0Oro MOMEHTa BpPEeMEHU f,, t,, f,....
OTnenbHBIE TOUKH COCTUHSIOTCS MJIAaBHOW KPUBOM, B PE3yJIbTAaTE YETO MOTy4aeTCs
rpaduueckas auarpaMma uckoMor (ynkumu i(f)(Ha pucynHke 240 mnokaszaHa
xupHoi nuHuei). Ilponeaypa moctpoenust rpaduyeckoil auarpaMMbl UCKOMOM
bynkiun i(f)na pucynke 240 nmokaszana ctpenkamu i S touek (0, 1, 2, 3, 4).
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Pucynoxk 240

AHanu3 penieHus NOKa3bIBAeT, YTO HAMArHUYUBAIOIIUM TOK KaTYIIKU UMEET
HECUHYCOMAJIbHYI0 (OPMY U COIEPKUT B CBOEM COCTaBE€ TOJBKO HEUETHBIC
TapMOHUKH.

16.9 PacueT MrHOBEHHBIX 3HAYEHHMI MAPAMETPOB Pe:KUMA
rapMOHHYeCKHMMH METOAAMH

B HenuHENHHBIX LENsAX MEPEMEHHOIO TOKAa MPOMCXOAAT HCKaXEeHHs (opMm
KPUBBIX TOKOB M HamnpsbkeHuil. HecunycoupanbHble (YyHKIMM TOKOB i(f)u
HanpsoKeHUN u(f), KaKk M3BECTHO, MOYKHO IPENCTABUTh B BUAE TapMOHUYECKHX
psnoB @Dypbe. B rapmMoHMyYecKMX METOJAX pacyeTa peleHHe I HCKOMBIX
BEJIMYMH HAXOAAT B BUJE CYMMbI OT/AEIIbHBIX TAPMOHHK.

B npocreiimunx ciay4asx pemeHue Uit UCKOMOW (yHKIIMH B BUJE FapMOHH-
yeckoro psga @ypbe yaaeTcs MOIy4YuTh B pe3yJbTaTe pasiokeHus B psag Pypbe
HaWJeHHOTO B 00IeM BHUE pelieHus. B kauecTBe mpumepa pacCMOTPUM pacydeT
TOKa B HEJIMHEWHOW KaTyIIke (TOKa XOJIOCTOTO Xoja TpancdopmaTopa) (PHUCYHOK
241). YtoObl MOTYYUTh CPABHUTEIBHO MPOCTOE PEIICHUE, TPUMEHHUM JJIsI KaTYIIKU
napajuleNbHYI0 CXeMy 3aMelieHus. BeOep-aMnepHyr0 XapaKTepUCTHKY KaTyIIKU
ATTIPOKCUMHUPYEM yPaBHEHHEM CTEIICHHOTrO HolMHOMa: i (W)= aw + by .

!

—_—

i) i
Dt ] ”

Pucynok 241

-—
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[Tyctp K 3aKHMaM KaTyIIKH PUITIOKEHO HapsOKEHUE
u()=U,sin(@t+90°).MaruuTHOE ~ IOTOKOCLIEIUIEHME  KATYIIKH  CBS3aHO  C
HaTMPSHKEHUEM YPAaBHEHHEM WHTYKIIHH:

d U, . :
u=—e= —W, otkyna Y(#) = ju-dt =—"sinwt =¥ sinar
dt @
Toxk B pe3ucrope onpenaensercs mo 3akoHy Oma:

. ou U, . 0
Iy :E:?sm(a)t—k% )=1,, cosar

Tok B karylmike HaiaeTcs B pe3ysbTare MOJCTaHOBKM (YHKIHMH YAf)B
yYpaBHEHUE alllIPOKCUMALUU:

. . . 10 . .
i,()=ay+by’ =a¥  -sinot+b¥,’ -sin’ ot =a¥, sma)t+b‘{’ms(£sma)t—%sm3a)t +

1 . . . .
+ Esm Swt)=1,, simwt—1,, sim3wt+1,, sinSwt

Tox ucrounmka ompexensercs mo mepBomy 3akoHy Kupxroda, mpu stom
CIIO)KCHHE TapMOHHMK TOKOB OJWHAKOBOM YacTOTbI MOXKHO BBIMOJHATH B
KOMIUIEKCHOH (opme:

it)y=i,()+i,(t)=1,,sin(at +a,)—1,, sin3wt +1,, sinSawt

viaeli = Loim™ jlrim= I,

AHanu3 peleHus MoKa3pIBaeT, YTO HAMAarHUYMBAOIIUN TOK KaTYIUKH UMEET
HECHUHYCOMIAJIbHYI0 (OpPMY U COJEPKUT B CBOEM COCTaBE€ TOJBKO HEUETHBIC
TapMOHUKH, IPU 3TOM OCHOBHAasi TapMOHHMKA TOKAa OTCTAE€T OT MPUII0KEHHOIO
HAIpPsLKEHHS Ha yrod @ = y, —y; = 90° —q.

Pemenne ansa uckoMod  QyHKIMM B BHJAE€ CYMMbl TapMOHHUK MOYHO
MOJIYYUTh TAK)K€ METOJOM rapMoHUYeckoro Oananca. CyTh 3TOr0 METOJa COCTOUT
B TOM, YTO OXHUJaeMoe petieHue Juisi GyHKUUU f(f) mpeacTaBiIseTcss B BUIE CyMMbI
OCHOBHOM U HECKOJIBKMX BBICHINX FAPMOHUK:

f(t)=B,;sinwt+C,coswt+ B, sin2wt + C, cos2wt +...,

rne By, Cy, By, C,...— HenusBecTHbIE KOA(D(PULIUEHTHI, TIOIEKAIINE ONPEIECIICHUIO.
3areM aMIUIMTYIbl TapMOHMK BCEX TOKOB M HAIIPSDKEHMH BBIPAXKAIOTCS 4depes
Heu3BecTHbIe KodpuuenTsl. [locne atoro OamaHcupyroTcst KO3 PUIMEHTHI AJis
OJIMHAKOBBIX TapMOHUK B ypaBHeHUsX Kupxroda, cocTaBiIeHHBIX IJs pacuyeTHOU
cxembl. B pesynbrare mnomywaeTcss cucrteMa ainreOpandyeckux YpaBHEHUH C
HEU3BECTHBIMH KO3((ULIMEHTaMU HCKOMOW (YHKIMH, B pPE3yJbTaTe pPEIICHUS
KOTOPOM OMPEENIOTCS caMu KO3 PUIIUESHTHI.

B kauecTBe npuMepa pacCMOTPUM PacyeT peXuMa B CXeMe (PUCYHOK 242).

ITycTb K BBIBOAAM CXEMBI IPUIIOKEHO CUHYCOUJAIBHOE HAMPSKEHUE

u(t)=U, sin(ot+a)=U] sinwt+ U cosat | a BeOep-aMepHas XapaKTepPUCTHUKA

) o . 3
HEeJIMHEHHOMN KaTyIIKH aNlIpOKCHMHUPOBaHa ypaBHeHueM (W) =ay +by" .
HuddepeniranbHoe ypaBHEHHE 1IeNU Oy/1eT UMETh BHI:
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u(t) =u, (t)+u, (t) = R-i(t) +%

[ u.‘? u,l
e C) y

Pucynox 242

B kauectBe HewsBecTHOW (yHKIMH, TIOMJICKAIIEH OMPEICICHHIO,
MPUHUMAEM MOTOKOCUEIUIEHUE YAf), pEelleHHe AJisi KOTOPOi OyJeM HCKaTh B BUJIE
CyMMBI 1-i1 ¥ 3-11 TapMOHUK (YETHBIE TAPMOHUKH B PEILIEHUU OTCYTCTBYIOT):

w(t)=B,sinwt + C, coswt + B, sin3wt + C, cos 3wt

rae By, Cy, Bs, C;— HeusBecTHbIE KOADDUIUCHTHI.

BrelpakaeM TOK W HamlpsDKEHUS Ha OTICIBHBIX ydacTKaX CXEMBI 4Yepes
HUCKOMYIO (DYHKITUIO YA1):

i(=ay(t)+by(t)’ =a(B,sinwt+---)+b(B,;sinot+...) =...=

! " ! "
=1, sinwt+1,, coswt+1, sindwt+1,, cosdut,

IJIc aMIUTATYABl TAPMOHHUK COCTOST B HEKOTOPOH (hYHKIIMOHAJIBLHON 3aBUCUMOCTH
OT HEU3BeCTHBIX Kodhduimentos By, C,, B;, C;.

uy()=R-i(t)=...=Uy, sinot+U,, coswt+Uy, sin3wt+Uy, cos3ar.
d . )

u tz—l//:...:U' sinat+U" coswt+U', sin3at+U", cos3wt

L d Lim Lim L3m L3m .
t

Tenepsr cocraBmsiercss Oamanc KO3(PGUIIUEHTOB [JIST OTAEIBHBIX TaMOHUK
(ypaBHEHHsI TapMOHHMYECKOro OanaHca) B COOTBETCTBUM CO 2-M 3aKOHOM
Kupxroda u(t)= ug()+ u(¢):

(U;le +Up, =U,,,

Ukin UL = U,

\ U1'e3m +U£3m =0,
Ul,;3m +U/,, =0.

\

B anreOpanyeckux ypaBHEHHMSIX TapMOHHMYECKOro OajlaHCa OTHEbHbIE
claraeMble B JIEBOM YacTH SBISIOTCS HEKOTOPHIMH (PYHKIUSMU HEU3BECTHBIX
kod(pdbunmentor By, C,, B3, C;. Pemienue 3Toi CUCTEMbI ypaBHEHUM TTPEACTaBIISCT
3a4acTylo OOJIBIIYI0 MATEMATUYECKYIO TPYIHOCTb.
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B BHUAY OOJBIINX MaTEeMaTHYECKUX OCJ'IO)KHGHPIfI, BO3HUKAOIHUX IIPpU
OIIpCACIICHNN HCU3BCCTHLIX KOC—)(b(bI/IIII/IeHTOB, MCTOJ TapMOHHNYCCKOI'O OajaHca
OKa3bIBACTCA MaAJIO B(I)CI)GKTI/IBHI)IM U IIPUMCHACTCA PCAKO.

17 IlepexoaHblie Mpouecchl B HeJIMHEHHBIX I EMmsiX

17.1 O01masi XapaKTepUCTUKA MePEeX0HbIX MPOIECCOB B HEJIMHEHHBIX
Hensx

Ilepexoanble mpoLECChl B HEIMHEHWHBIX LEIMAX ONHUCBIBAIOTCS CUCTEMOU
HEJMHEHWHBIX AU(PepeHIINaTbHBIX YPaBHEHUHN, COCTABICHHBIX IS CXEMBI LIETH TI0
3akoHaM Kupxroga. Pacuer mnepexogHBIX NPOLECCOB B HEIWHEHHBIX IEMIX
CBOAWUTCSA, TakuM  00pa3oM, K  pEHICHHIO  CHUCTEMbl  HEJIMHEWHBIX
T depeHIMATBHBIX YpaBHEHUH. 3HAUUTENbHbIE TPYAHOCTH, BO3HUKAIOIIUE IIPU
TaKUX  pacuerax, OOYCJIOBJEHbl  CIOKHOCTbKO  PEIICHUS  HEIMHEHHBIX
nuddepeHnanbHbBIX YpaBHEHUM.

JU1s pacdeTa nepexoaHbIX MIPOLIECCOB B HEJIMHEHWHBIX LEIAX HEJb3sl yKa3aTh
oOure MeTo/Ibl, IPUMEHUMBIE JUIsl JII000T0 Kilacca ueneil. Beibop merona pacyera
BCErJa WHIMBHIYAJIEH M ONPENEIACTCS KOHKPETHBIMH YCIOBHSIMH 3aJauu:
CTPYKTYpPOM CXEMBI L€NW, BUIOM YPaBHEHHs AaNIPOKCHUMALMU HEIMHEWHOU
XapaKTepUCTHKHU, TpeOoBaHUAMH K ¢dopMe nckoMoil ¢yHkimu u np. Huwxke me-
pEUMCIIEHbl HaumOOJee Ba)XKHbIE METOJbI, KOTOPbIE MPUMEHSIOTCS JIs pacdera
IIEPEXOIHBIX IIPOLIECCOB B HEJIMHEUHBIX LEIISAX:

1) MeTox MHTErpuUpyEMOM aNMpPOKCUMALNNA XapAKTEPUCTUKU HEIMHEHHOro
DIIEMEHTA;

2) MEeTOJ KyCOYHO-JIMHEWHOW aIllpOKCUMAaLUH XapaKTEPUCTUKU HEJITUHEH-
HOTO JIEMEHTA,

3) MeTon YCIOBHOM JIMHEApU3allMu HEJIMHEHHOro aud@epeHuuaibHoro
YpaBHEHUS;

4) MeToJ YMCIEHHOIO0 MHTErPUPOBAHNUS CUCTEMBI HEIMHENHBIX
nuddepeHnanbHbBIX YpaBHEHUM.

IlepexoaHple TPOLECCHl B HEIWMHEHHBIX LEMSIX MOIYT CYLIECTBEHHO
OTJINYATHCS OT MEPEXOJHBIX MPOLIECCOB B AHAIOTHUYHBIX 110 CTPYKTYpPE JTMHEHHBIX
uemnsix. HelnHeHHOCTh XapaKTepUCTUKH KaKOro-IuOO 3JIEMEHTAa LENU MOMKET
IIPUBECTU WJIM TOJBKO K YHUCTO KOJHWYECTBEHHOMY HW3MEHEHMIO NEPEXOIHOTO
IIPOLIECCA UJIM K €T0 Ka4eCTBEHHBIM U3MEHEHUSAM. B 11epBOM cirydae Ha HEKOTOPBIX
OTpE3Kax BPEMEHU CKOPOCTh MEPEXOTHOIO IMPOLIECCA YBEINUNBAETCSA, 4 HA IPYTUX
OTpe3Kax BpEeMEHM - 3aMemusiercs. Bo BTopom cilydae B Lenu BO3HHMKAET
KA4ECTBEHHO HOBBIE SIBJICHHSI, IPUHLIUIIMAIBHO HEBO3MOKHBIEC B IMHEUHBIX LIETISX,
HalpUMep, HE3aTyXawllue aBTOKOJEOAHHsS C MPOU3BOJIBHONM MOCTOSIHHOW WIH
IJIaBaroIeil 4acTOTOM.
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17.2 PacyeT mepexogHOro mpomecca MeToa0M HHTerpupyeMoi
annpoKCUMAIUH

Meron OCHOBaH Ha anMpOKCHUMAalUUA XapaKTEPUCTUKH HEIUHEHWHOIO
ieMeHTa  Takol  (yHKIMEH, KoTopas  MO3BOJIIET  IPOUHTETPUPOBATH
muddepeHnanbHoe ypaBHEHHE 1€ CTaHJAPTHBIM METOAO0M.

[{erHOCTH METOAA 3aKJIKOYAETCS B TOM, YTO B PE3YJIbTATE€ MHTETPUPOBAHUS,
pelIeHue UIT MCKOMOW (PYHKITMU TIOTY4YaeTcs B OOIIEM BHJE, YTO IO3BOJISET
WCCJIEIOBATh BJIMSHUE HA HMCKOMYIO (YHKIHIO pa3IudHbIX (akTopoB. Meton
MPUMEHUM TJABHBIM O0pa3oM K MPOCTHIM JJIEKTPUYECKUM IIETISIM, TPOIECCHl B
KOTOPBIX OMUCKHIBAIOTCS MU PepeHIMaTbHBIM ypaBHEHUEM |-T0 MOpsaKa.

PaccmoTpyM mOpuMEHEHHE JaHHOTO METOJa K pacuery MepPeXOoHOro
Mpollecca NMpy BKIOYEHUU HEJIMHEIHON KaTylKH i( ) K UCTOYHUKY MOCTOSIHHOU
OJIC E (pucyHok 245). BebGep-amnepHy0 XapakKTepUCTUKY HEIMHEHHOM KaTyIIKU

alNpPOKCUMHUPYEMBIM ypaBHeHHEM i = k -y . JluddepeHnnanbHoe ypaBHEHHE

, d
IeMU COCTaBJIseTcs o 2-My 3akony Kupxroga: iR + d—(;/ = E | otkyna cienyer:

dy dy 1 dx
dt=———2= i
E—-iR E-R-ky~ kR a —x
E
r7ie 0003HAYCHBl X=1V/, a= IR

I1o Ta6JII/IH€ HHTCI'PAJIOB HAXOJAHUM PCUICHUC!

1 dx 1 1 a+x
t= I —— =—— —1In
kRY a” —x kR 2a |a—x

i R i)
= T —

a) 6)
Pucynoxk 245

Hacrosimas 3amaya uMeeT aHaIMTHYECKOE PEIEHUE MPU anmnpOKCUMALMU
HEJIMHEHHON XapaKTepUCTUKH HEKOTOPHIMU JPYTUMHU YPaBHEHUSMH, HAMpUMEP

i=ky’, i=ky/.
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17.3 PacueT nepexoaHOro npouecca MeToa0M KyCOUHO-JTUHEeHHOH
aNnnpoKCUMAIUA

Meron OCHOBaH Ha anpOKCHUMAalUMU XapaKTEPUCTUKH HEIMHEHHOTO
arieMeHTa oTpe3kamu mpsimoit. [lpu Takoil anmpokcumanuu auddepeHuaibHbe
ypaBHEHUsl 1€NU Ha OTIEIbHBIX Y4YacTKaX OyAyT JMHEWHBIMM U MOTYT OBITh
pelieHbl M3BECTHBIMU METOJIaMU  (KJIaCCUYECKUM WJIM  orepaTopHbiM). [lpu
nepexo/ie OT OJHOTO y4yacTKa K JApyromy B Au(QepeHIHnaIbHbIX YpaBHEHHSIX
OyAyT CKaukoM U3MEHATHCA TOCTOSIHHbIE KOI()PUIIMEHThI, YTO TMOBJIECYET
CKayKooOpa3HOe Hu3MEHeHHEe KOd()PHUIMEHTOB B HX pelieHud. Pemenus as
OTJICIbHBIX YYACTKOB COTPSATAIOTCS MEXIY COOOM Ha CTHIKaX yYaCTKOB Ha OCHOBE
3aKOHOB KOMMYTAIIHH.

PaccMOTpuM NpHMEHEHHE JAaHHOTO METOJa K pacyeTy MepexogHOro
npolecca Npy BKJIOUYCHUN HEJTMHEHMHON KAaTYIIKA K UCTOYHUKY mocTosiHHOW D[C
E (pucynok 245a). HenuHeiiHyo BeOep-aMIEpHYIO XapaKTEPUCTUKY KaTYIIKH
(i) 3aMEHUM OTpEe3KaMH TpsSMON JHHUU (JTomMaHoM nuHHel 0-1-2-3) (pucyHOK
246):

ANNPOKCUMHUPYEM OTAENbHBIE OTPE3KHU JIOMAHOUW JIMHUU YPaBHEHUSAMHU Ips-
MOM:

1) s otpeska 0-1 W, =L, i, tne 0<i, <1;

2) mast orpeska 1-2 w, =W, +L,-i,,tme 1, <i, <1,;

3) mnstorpeska 2-3 Wy =Y+ Ly i, tme 1, <i; <1 .

Koaddumuents annpoxkcumarn ¥, o onpeaenstoTcs u3 rpadpuyeckon
auarpammbl, a koddduuuentsl Ly, L,, L;— yepe3 KOOpAWHATHI TOYEK CThIKA
otpeskos (0,1, 2, 3):

L:\Pl _ ¥, -, Y, - Y,
1 , L, = , L, = ——4+
1 I, -1, I, -1,
t
LN
Van

1, I,
Pucynox 246
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HuddepeHunanbable ypaBHEHUSI A1 OTIEIBHBIX YYaCTKOB OyIyT HMMETh

BUI:
di ) )
L —+Ri=E rne 0i<[,05t=¢,
dt
di | pi [ <i<I t<t<t
L25+R1:E,rﬂe iU, st
L di Ri = E [, <i<] ¢t <t<w
354‘ 1 = , ITAC 2 =" —=Fys b=t =

Pemenus ypaBHeHI/Iﬁ AJI1 OTACJIBHBIX YYaCTKOB, HaﬁﬂeHHBIG KIaCCUYCCKHNM
MCTOAOM, 6y,ILYT OTJIMYAThCA TOJIBKO ITIOCTOAHHBIMHA K09(1)(1)I/IIII/ICHT8,MI/I:

l)l1 :Iy +AleP1t : 2) l'2 — [y +Azel72(t—t1) , 3) i3 — Iy +A3ep3(t—12),
;£ L, R _ R __R
rac *y R S 4 Ll s Do L2 s Ps L3 .

[TocTostHHBIE WHTETPUPOBAHUS HAXONATCS U3 HAYAIBHBIX YCIOBUU W
3aKOHOB KOMMYTAIIHH:

1) mput=0, 1(0) =0, n3 pemenns (1) cnenyer 4,= -1,

2) mput=t,, ir(t,) = 1,, nu3 pemenus (2) cnenyer A,= I,-1,

3) mpu t = b, i3(t,) = I, u3 pemwenns (3) cnenyer As= L1,

MOMEHTHI BpEMEHH {1, ¢, COOTBETCTBYIOIIUE MEPEXOAY MpoIlecca ¢ OAHOTO
ydacTKa XapaKTePUCTUKH HA JAPYTOH, ONPEAETSIOTCS M3 COBMECTHOTO PEIICHHUS

ypaBHCHI/Iﬁ AJIs1 CMCIKHBIX YYAaCTKOB B TOYKC CThIKA:

1 A
1) mmst roukm 1: i(t) =1, + Ae™' = I,+4, ,otkyna cnenyer t, = —In A—2
P, !
2) mns Toukm 2:  i(t,)=1,+A4e"* " =1 +4; , orkyma cuemyer
1 A
t,=—In——1¢.
P, 4,

l,

4 5

Pucynoxk 247
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['padmueckas nuarpamMma IMEpPeXOAHOTO Ipoliecca IMOKa3aHa Ha PHUCYHKE
247 Hanuuue wu3710MOB Ha Tpaduyeckoi auarpaMme HCKOMOW (yHKiuu i(f)
OOBSCHSIETCS TOTPEIIHOCTSMH ANMPOKCUMAIMK XaPAKTEPUCTUKA HEITWHEHHOTO
DJIEMEHTa BO3JIE TOYEK CThIKA OTACIBHBIX YYacTKOB. J[OCTOMHCTBO JaHHOTO
METOJIa COCTOMT B TOM, YTO OH IO3BOJISIET MPUMEHUTh K pPacdeTy MEepexOJIHBIX
NIPOIIECCOB B HEMWHEHHBIX IEMSIX HM3BECTHBIE METONbI pacdera MepexXoIHbIX
MIPOIECCOB B TUHEHHBIX IIETISAX.

17.4 PacyeT mepexoaHOro mpouecca MeTo0M
JuHeapu3auuuau@depeHIUAIbHOI0 YPABHEHUS

CymHOCTh TaHHOTO METOA 3aKJII0YaeTCs B TOM, YTO B HEIMHEWHOM Tudde-
pPEHITMATBFHOM YPaBHEHHH, OMHMCHIBAIOIIEM IEPEXOIHOM Tpoliece, MpeHeOperarT
HEJIMHEHHOCThIO BTOPOCTEIICHHBIX YJICHOB 3TOr0 YpaBHEHUS, TIPH 3TOM
GyHKIMOHATbHBIE KOA(M(UIIMEHTHI B 3THUX YICHAX 3aMCHSIOTCS ITOCTOSHHBIMU.
[Tociie Tako¥ 3aMeHBI HEMHEHHOE nU(hepeHITNANTBHOE YPaBHEHHUE TIPEBPAIIACTCS
B JIMHEHHOE W peIIaeTCs W3BECTHBIMM MeEToJaMU (KJIACCUYSCKUM  WIIH
OTIEPaTOPHBIM).

PaccmoTpuM  mpuUMeEHEeHHWE JAaHHOTO METOJa Ha TpHUMEpe pacdera
MEPEXOAHOT0 TOKa B TpaHC(HOPMATOPE MPH €r0 BKIFOYCHHH Ha XOJIOCTOM XOIy K

MCTOYHMKY CHHYycoupanpHoro Hampsbkenms u(f) =U,, sin(wf + a) (pucynok

245a).

HuddepennnanbHoe ypaBHEHUE Henu uMeeT BU/I:
oo d :
iR+ 7W =U, sin(aot+ a)
t

Tak kak akTMBHOE CONpPOTHUBIIEHHE R 0OMOTKHM TpaHc(]opmaTopa HE3HAYU-

d . :
TEJIBHO, TO d—‘// >> iR U BTOpOe ciaraeMoe iR MOXHO CUMTaTh BTOPOCTEIIEHHBIM
t
YJICHOM ATOTO YPaBHCHHSI.
Breipazum i = %, rae L = f (i, ) — pyHKUMOHAIBbHBIN KO3 PUITUEHT, TOT1a

muddepeHnnanbHoe ypaBHEHHE LIETH MOTYYUT BUL:
d R :
—W-i-—l// =U, sin(ot+a),
dt L

3ameHuM (QyHKIHMOHAIBHBIN Kodhduiment L = fi,y) B mOCICAHUM
ypaBHEHUU HEKOTOPHIM TMOCTOSHHBIM 3HaueHueM L = L = const, TIOCIE Yero

cm

muddepeHnanbHoe ypaBHEHHUE II€NMU CTAHOBHUTCS JIMHEWHBIM OTHOCUTEIBHO
nepemMeHHou . PelieHne 3Toro ypaBHEHUsI MOKET OBbITh MOJIYYEHO KJIACCUYECKUM
METOI0M:

R
y)=y,+y. =Y, sin(ot+a-¢)+ Ae Lo

b
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U L oL,

e ‘Pm — mcm , qp:arcl‘g ‘
JR? + (oL,,)’
W
T
I
L ——

Im "mﬁ']"

6)

al

Pucynox 248

B momenT BriroueHust tpancpopmaropa yA0)=0u, cienoBarenbHO, MOCTOSH-
Hasg WHTETPUpOBaHUsA OyJeT paBHa A=-Y, sin(a@—@). Takum obpazom

aMIUTUTYJ]a CBOOOJHON cocTaBisiome A 3aBUCUT OT HaudalbHOU (hasbl
HarnpspKeHUs: uctTounuka. [Ilpu a—¢ = + 90° oHa uMeeT MakCUMalbHbIE 3HAYCHUS,
NEePEXOAHON TPOLECC MPU 3TOM MPOTEKAET C MAKCUMAaIbHOW HHTEHCUBHOCTBIO.

ITycte a—¢p=-90°, Torna 4 = ¥,, u pemenne 1 QyHKIUU ;) TOTYIAT BHL:
R

()=, sin(wt—90°)+ ¥, e L |
['paduueckas auarpamma pacueTHON GyHKIIMHU Y/Af)IIOKa3aHa Ha pUCyHKe 248a.
['padmueckyro aumarpamMmy HCKOMOW (YyHKUMU i(f)MOKHO TOCTPOUTH
METOJIOM  MpPOEKIMH pacueTHOM (QyHKUMH () Ha  BebOEp-aMIEpHYIO
xapaktepuctuky i(y)(pucyHok 248a, 0). Dra namarpamMma TMpeJCTaBlIeHa Ha
pucyske 249:

".f??GX_

N2 AN A AN
VARV

Pucynoxk 249
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Kak moka3pIBaeT aHaimu3 IMMOJIYYCHHOI'O pCIICHUA, aMILIUTYy/da nepBoﬁ BOJIHbI
IMOTOKOCHCINICHUA ITPAKTHYCCKH paBHA YJABOCHHOMY HOMHWHAJIBbHOMY 3HAYCHUIO:

Y, .. ®2¥,. Ora Touka 1 Ha BeGep-amriepHON XapakTepuCTHKE i( /) HAXOJUTCS

JaNeKo B 00JIACTM HACBILEHUS U €M COOTBETCTBYET TOK [, 3HAYUTEIBHO
MPEBBIIAIIINN aMIUTUTYAy TOKa yCTaHOBHBIIErocs pexuma (7, = (100 +200)7, ),

4yT0 mpuMepHO B 10 pa3 0oJbIlie aMIUIUTY 16l HOMUHATIBLHOTO TOKa. Takoi UMITyIJIbC
IyCKOBOI'O TOKAa COBEPIICHHO HE OMACEH JJIsI JUHAMUYECKOM WIIM TEPMHYECKOU
YCTOWYMBOCTH  TpaHcopmaTopa, OJHAKO OH MOXET BBI3BATh  JIOKHOE
cpabaTbiBaHME €r0 peneiHoi 3amuThl. [lo 3TON mpuYWHE MOIIHBIC CHUIIOBBIC
TpaHChHOPMATOPBI 3aIPEIIAeTCsS BKIOYATh B CETh B PEKUME XOJIOCTOTO Xoa. [1pu
BKJIFOUEHUU B CE€Th HArpy>KEHHOTO TpaHcpopMaTopa Nepexo HON mpoiiecc ObICTPO
3aTyXaer, MpU 3TOM aMIUIATYAa UMITYJIbCa IyCKOBOTO TOKA HE3HAYUTEIbHA.

max

17.5 PacuyeT nepexoHOro nmpomecca MeTo0M YUCJIEHHOI 0
UHTErpupoBaHus M@ PpepeHunaTbHOr0 YPAaBHECHUS

PexxuM HenumHeHHOW 1enud JJTO00M CIHOKHOCTH MOKET OBITh OIHMCAaH
CUCTEeMOM HEeNMHEWHbIX U depeHIInaTbHbIX YpaBHEHUN, COCTABIEHHBIX IS
cxembl menu mo 3akoHaM Kwupxroda. Kak wm3BecTHO W3 MaTemMaTHKH, CHCTEMa
mudpepeHInanTbHbIX YpaBHEHUH (KaK JTMHEWHBIX TaK U HEJIMHEWHBIX ) MOXKET OBIThH
pelieHa METOJIOM YUCICHHOTO MHTETrpupoBaHusa (MeTonabl Jinepa, Pynre-Kyrra).
Takum oOpa3zoM, pexuM JTIO00W HETMHEHHOW IIeMU MOXKET OBITh pPacCUMTaH
METOJ/IOM YUCJICHHOTO UHTETPUPOBaHUS MU PEpeHITNATBHBIX YPaBHCHUM.

PaccmMoTpyM TpuMEHEHHE 3TOTO METOJa Ha MPUMEPE pPacueTa CXEMbI
(pucynok 250). Ilycte Ha BXOJe cxeMbl HMCTOYHUK moctossHHOM JJIC E,, a
BeOepammepHas XapaKTEepUCTUKA HETWHEHHOM KaTylIKKd anmnpoKCUMHpPOBaHA
ypaBHeHHEM i = a-sh(b- y).

h 24
I I -
L

D: - L

b{y)

Pucynox 250

Cucrema nuddepeHuanbHbIX ypaBHEHUH, COCTABICHBIX AJI CXEMBbI LIeTH
no 3akoHamM Oma u Kupxroda u JomosiHeHHass HEIMHEWHBIM anreOpanyecKuM
YpaBHEHHUEM alIMpOKCUMAIlMM XapaKTEPUCTUKU HEIWHEHHOro »3JeMeHTa Oyzer
VMETh BUJ:
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[ i1—i—i3=0 (D
IR tuc=E (2)
< isz +dl///dt—MC:0 (3)
ix=C-(duc/dr) (4)
ir=a'sh(b-y) (5)

\

Pemenne 3Toli cHUCTeMbl YpaBHEHH MOXXET OBITh BBIIIOJHEHO METOJaMU
YUCJIIEHHOTO0 HMHTEerpupoBanus Ha OBM (nmanpumep, merogom Oinepa). CyTb
METOJIla COCTOMT B TOM, 4YTO NEpUOJ IMEpEeMEHHOro Toka 1 pa3OuBaercs Ha
OoMbIlIOe YHCIIO MIaroB MHTerpupoBanus, Hampumep N=1000, nuddepenunanst
NEPEMEHHBIX 3aMEHSIOTCSI KOHEUHBIMH NpUpatieHus MU (d y=Ay, du=Au, di=Ai,
dt=>At),anipon3BOIHBIC TIEPEMEHHBIX — OTHOIIEHUEM TipupalieHuit (d wdi=Aw/At,
du/dt=Au/At). Ha xaxxiom mare Mnpou3BOAUTCS PEUICHHE CUCTEMBbl YpaBHEHHUH U
ONpEAEINAIOTCS 3HAYEHMs] NMEPEMEHHBIX BEIMYMH (TOKOB, HANpPSDKEHUH) U MX
IPOU3BOJHBIX, MPUUEM B KaueCTBE MCXOJHBIX JAaHHBIX MPUHUMAIOT 3HAYEHUS
HEKOTOPBIX NEPEMEHHBIX Ha MpeAblaylieM Iare. B kauecTBe Takux (QyHKUMH
NpUHUMAIOT U(?), i7(¢),KOTOpPBIC ONIPEACIISIOT 3aMachl SHEPTUU B AJICKTPUUESCKOM U
MarHMUTHOM TIOJI€, BCJIEJICTBUE YETO OHU HE MOTYT M3MEHSTHCS CKayKOOOpas3HO.
HemnocpencTBeHHbIM pe3ynbTaToM pacuera OyayT SBIATHCS MAcCHUBBI 3HAYEHHMA
NEPEMEHHBIX BEJIWYHH (TOKOB, HANpPSXKEHUI) M MX MPOU3BOAHBIX B 3aJaHHOM
VMHTEpBaJe BPEMEHM (HAIpUMEp, B TEUEHHE BPEMEHH MEPEXOJHOr0 Ipouecca 1;).
B pesynpraTte mocnemyromeit oOpaOOTKM MacCHBOB JaHHBIX MOTYT OBITh
oTpezieNieHbl Bce MapaMeTpbl QyHKIUH.

OavH U3 BapUaHTOB PEIIEHUS MOJIYYEHHONM CHCTEMbl YPAaBHEHUN METO/I0M
YHMCJIEHHOTO NHTETPUPOBAHNUS MIPEJICTABIEH HUXKE.

Hcxonnble aHHbIC: TapaMeTphl dJieMeHTOB cxembl (E, Ry, Ry, C, a, b); Ha-
ganbHbIe yenoBus u(0)=0,y(0)=0.

IIprHrMaeM: N—4uCia0 I1aroB MHTETPUPOBAHUsA, I — pacuyETHOE BpeMs
HEPEXOIHOrO npouecca, h=At=1/N— 1mar UHTETPUPOBAHMUSL.
AJNTOPUTM pELICHUsI CUCTEMBI JJIs1 IPOU3BOJIBHOTO K-TO I1ara:

t.=hx
u3 (5) i = a'sh(b* W),
u3 (2) e = (B -ucp-n) /R;
u3 (1) B3 = L Do

u3 (3)(dw/dt) « = ucp-1) — iz Ro;

u3 (4)(duc/dt) . = i3,/ C;,

W= Yoy T h - (dyrdt)

Uck =Ucp-) T h - (duc/de) .

MeTon YHMCIEHHOTO WHTErpUpOBAaHUA (YUCICHHBI MeTona) oOnagaer
BBICOKOM TOYHOCTBIO, TaK KaK B HEM HENOCPEJACTBEHHO HCIOJIb3YIOTCSA
(¢u3nyecKkue XapakTEepUCTUKU HEIUHEMHBIX 3yieMeHToB. C mosiBneHueM OBM u
paciupeHreM 00JIacTu UX MPUMEHEHMs JaHHBIA METOJl SIBJISIETCS OCHOBHBIM IIPH
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pacueTe HEJIMHEHHBIX IeNel Kak B MEepPEeXOJHOM, TaK UM B YCTAaHOBUBIIEMCS
pexuMe.

18 MarHuTHbI€ L[eNU NIePEMEHHOT0 MOTOKA

18.1 IloTepu B cepaeyHuKax u3 (peppoOMArHMTHOIO0 MATEpHUAJIa NIPHU
NepruoINYeCKOM NepeMAarHn4nBaHUU.

MarsuTHBI€ 1IeTTM MAIIHH IEPEMEHHOTO TOKa, TPAaHCPOPMATOPOB pabOTaIOT
B PEXKUME MEPHOAMUYECKOT0 IEpEeMarHnIMBaHuUs, T.€. IPU IIEPEMEHHOM MAarHATHOM
notoke ¢(f). Ilpm mnepuoanyecKOM TNepeMarHMYMBaHUU (HEePPOMArHUTHBIX
CEpICYHUKOB B HUX MPOUCXOJAT MOTEPU IHEPTUH, KOTOPHIE BBIACISIOTCS B BUJIEC
Teia. DTH TMOTEPU YCIOBHO MOMKHO pa3eliuTh Ha JBa BUJA: a) MOTEpU Ha
TUCTEPE3NC p, U 0) MOTEPH HA BUXPEBBIE TOKHU .

[Torepu Ha ructepe3uc o0yCIOBICHHI IBICHUEM rucTepesrca. OHU mpomnop-
[UOHAIbHBI  IUIOIIAAM  CTAaTUYECKOM TMEeTJIM  TUCTepe3uca M 4acToTe
nepeMarHnYuBaHuUs:

p.= Kszmn [BT/kr] ,
rjie K,— K03 UIUEHT MOTEPh, 3aBUCAIINN OT COpPTa Marepuaia, B,— ammmryaa
WHAYKIIMA MarHUTHOTO ToJIs, 7 = 1,6 + 2 — moKasaresb CTENEeHH, B MPAKTHYECKUX
pacdeTrax MpUHUMAETCS PaBHBIM 2.

JIiss  yMEHBINIEHUS TOTEepPh HAa THCTEPE3NC CEPACYHMKH MAIUH W
TpaHC(HOPMATOPOB U3TOTABIMBAIOT U3 CIICIIUATLHBIX MATHUTOMATKAX MAaTepPUAJIOB,
TaK Ha3bIBAEMBIX JJICKTPOTEXHUYECKUX CTaJNCH, KOTOPHIE MMEIOT Y3KYIO TETIIIO
rHcTepesunca.

[TepemenHBIN MarHuTHBIN TOTOK ¢h(¢) HaBoauT DJIC HE TOJBKO B BUTKAxX 00-
MOTOK, PpAacCIlOJIO)KCHHBIX Ha CEpICeYHHMKEe, HO W B caMoM cepaednuke. [lon
neiictuem 31oit DJIC BHYTpH ceplieYHHKA BO3HUKAIOT TaK Ha3bIBa€MbIC BUXPEBbIC
TOKH, KOTOpBI€ BBHI3BIBAIOT JIOTIOJHHUTENbHBIC TOoTepH HSHepruu. Tak kak DJIC
MPOIOPITMOHANIFHA YaCTOTE MEepEeMarHU4MBaHus f M aMIUIUTYJe UHAYKIUH B, a
MOIITHOCTb MOTEPh MponopiroHaibHa kBaapaty 3/1C, To U3 3TOro CiliemyeT BhIBOI,
4TO MOTEPU HA BUXPEBbIE TOKU IPONOPIMOHANBHBI f~ U B, :

Dy = kazB,i [BT/k1],

rae ky — xodpduuuent noreps, 3aBUCALINIA OT COPTa MaTEpHaIa.

C menp0 yMEHBINCHUS TOTEPh HA BHUXPEBBIE TOKU (PeppOMArHUTHBIC
CEPJICUHUKHN HU3TOTABIMBAIOT HE CIUIONIHBIMHU, a HAOUPAIOT M3 TOHKUX CTaJbHBIX
JUCTOB, W30JUPOBAHHBIX Jpyr OT gapyra. Ilotepm Ha BHUXpEBBIE TOKH
IIPOMOPIMOHAIBHBI KBAAPATy TOMIMHBI aucta (d°). YeM TOHbIIE IHCT, TeM
MEHbIIIE MMOTEPU HA BUXPEBBIE TOKU B CEPJIEUYHUKE, HO MPHU 3TOM CaM CEpICYHUK
JIOpO’Ke CTAHOBUTHCS Jopoxe. OnTruManbHas TOJIIIMHA JTUCTa Ha MPOMBIIIJIECHHOU
yacrore f =50T1 cocrasiser 0,3—0,4 mm.

B cmpaBouHoOil nmTepartype Uil pasHBIX THUMOB  (DEPPOMATHUTHBIX

MAaTCpUATIOB IPUBOAATCA CYMMAapHBIC yaenpHble 1morepu P, =p.tp,,
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OTHECCHHBIC K KOHKPETHBIM IapameTpam pexkuma. Hampumep, Pig/so = 2 Br/kr
03HAYaeT, YTO IMOTEPH COOTBETCTBYIOT aMIUIMTyAe WHAyKnuH B, =1,0 Tn npu
gacrore f =50 T'm. VYuuTeiBas KBaJpaTHYHYIO 3aBHCHMOCTH IIOTEPb OT
AMILTUTY/bI HHAYKIUK B, | TO MX MOXKHO ONPEAENUTh IS JII000r0 3HauYeHus B,,
Hanpumep B,,=1,5 Tx:
1,5Y)
1,0
Jlist onpeieNieHust OTASIBHBIX COCTABIIIOIINX MOTEPh B CEPACUHUKE P, U P,
HEO0OXOMMO BBITTOJTHUTH U3MEPEHHE WM PacdyeT CYMMAapHBIX IMOTEPh Ha JABYX pas-
JUYHBIX 9acTOTax f, U f, IPU OJIMHAKOBOW aMILUIMTYAC UHAYKIUHU B, U C YIEeTOM

=45 [Br/kr].

Pis/s0 = Prosso

o 2
WX Pa3IM4HON 3aBUCUMOCTH OT 4acToThl( P, = f, p, = ) pa3nenurs 3Tu norepu

Ha COCTAaBJISIFOLIHE.
B cmpaBouHoli sMTepaType ISl pa3HbIX THUIOB  (eppOMarHUTHBIX
MaTepualoB NPUBOJIUTCA TaK >K€ YJelbHas HaMarHW4YuBaromias (peakTUBHAs)

mommHocTh §, = f (B,). DTa 3aBHCHMOCTh HOCHT CIOXHBIH XapakTep, MO3TOMY

IPUBOJUTCS B BHJIE IpapUMUecKOi AMarpaMMbl MU B BHJE TaOJIUIBI KOOPAMHAT
TO4YEK (pUCyHOK 251):

an. BADSHT

40 =

a0

20

0 0,5 1,0 1,5 By, Ia
Pucynoxk 251

18.2 PacyeTr MAarHUTHOM LENH MEPEMEHHOT0 MOTOKA KOMILJIEKCHBIM
MeTO0/10M

MamuHbl ~ epeMEeHHOro  Toka,  TpaHchopMmaTropbl, B  KOTOPBIX
beppomMarHuTHbIC CEepPACYHUKH IIOJIBEPrarOTCs IIEPUOANYECKOMY
NepEeMarHUYUBaHUI0, PabOTAIOT B PEKMME BBIHYXICHHOTO CHHYCOHIAJIHHOTO
HaANpsDKEHUs Ha X 0OMOTKax. PaccMoTpum paboTy MarHMTHOM IIeMH Ha MPUMEPE
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cepneunuka TtpaHchopmartopa (pucynke 252a). K oOmotke TtpancdopmaTopa

MPUWIOKEHO CHUHYCOMJAIBHOE HampshKkeHue U = U, sinat F€OMETPUUECKHUE
pa3Mepbl MarHUTONPOBO/Ia U XapaKTEPUCTUKU €r0 MaTepuasa 3a/1aHbl.

dy dd
N3 ypaBHEHMST DJJIEKTPOMArHUTHOW HWHAYKIMM U =—€= E = W;
CIIEYET:
1 1 : U, . . : .
D(¢) = —Iudt = —ij sin @t = sin(wt —90°) =®d_ sin(ewt —90")
w w wao
d}m - Z."l.!!
L/ ]
o Al
L Um
v )W — CD I W
) 5 | UI'Im
[
L
Z."l.l?u".l
a) 6)
Pucynoxk 252

MarHuTHbBIN MOTOK ¢h(?) )KECTKO CBSA3aH C HANPSHOKEHUEM u(t), U3MEHSIETCS 10
CHHYCOMJAJIbHOMY 3aKOHY C OTCTaBaHUEM OT HampspkeHus Ha 90°. Takum
oOpa3oM, B cXeMe 3aMeNIEHUs] MAarHUTHOM IIEMd HWCTOYHHK DHEPTUU
MPEICTABISICTCS HCTOYHUKOM MarHUTHOTO TIOTOKa ¢h(¢), TIe

Y U U

m
= = B6 B, =—— [Tn].
" o 444wy B " 444y T
3aMeHUM CUHYCOMIAJIbHBIC (PYHKIIMH UX KOMIIJIEKCHBIMU U300paKECHUSMMU:
u(t)=U,sinot=U, =U, e'”;
. . - 90
O(t)=d, sin(wt-90)=D, =D e g
Bcenencreue HenmuelHo# 3aBucuMmoctu B=f(H) HaMarHWYWBAIONINN TOK B

0o0OMOTKE OyJeT HECHMHYCOMJAlIbHBIM. 3aMEHHM HECHHYCOMAAIbHYIO (YHKIUIO
TOKA I(#) 5KBUBAJIEHTHON CUHYCOUAAIbHOI:

(£) — : ° _ ] LJ(90+8) _ 1 o
i(t)=1,sm(wt-90"+0)=1,=1c¢ =1 e,
Bcnenctue noreps B cepAcUHUKE Ha IPeMarHMYMBaHUE MarHUTHBINA MTOTOK

@, orcraer mo Qa3e Ha HEKOTOPHI yrom & oT BekTopa Toka 1, . Yrom
OTCTaBaHUsA ¢ TONYYWJ B TEXHUKE Ha3BaHUE yriaa mnoTepb. OueBHIHO U3
BEKTOPHOM TUarpaMmsbl, 4To 6=90°—¢ unu ¢=90°-9.
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[Tocne 3amenbl Bcex (QYHKIIHI BpeMEHU MX KOMIUIEKCHBIMU U300paKeHUSIMU
JaNbHEMNIIEE UCCIEA0BAHUE MIPOLIECCOB B MATHUTHOM LIENM MOXHO IIPOBOJIUTH B
KOMIUIEKCHOH (hopMe.

KoMIiekcHOe MarHUTHOE COITPOTHBIICHUE CEPACYHHKA!

U H -/ 1/ -
Z,=—m==m = =7 e =R, +jX
Ly ®  B-s i s M M T Iy,
roe H= ];—m =H-e 7= M, — JH »— KOMIUJIEKCHAsI MarHUTHAsA IPOHUI[AEMOCTb.

—m

N3 copaBodHOM JATEpPATYpbl HAXOIWM JUISI PACYETHOW aMIUIUTYBI
UHIYKIUK B, COOTBETCTBYOIINE 3HAYCHHS MOIIHOCTH YACIBHBIX MOTEPh P, H
yIEIbHOW HaMarHu4MBaromed wmomHoctd ¢,. CymMmapHble 3HAYEHUS OTHUX
MOUITHOCTENISI BCETO CEPACYHUKA COCTABT:

P.=p,-M, QO.=q,-M ,rne M- wmacca cepueunuka [Kr].

AKTUBHOE U PEAKTUBHOE MAarHUTHBIE COMPOTHUBIIEHUSI CEPACYHUKA BbIpaXKa-
IOTCSl YEPE3 CyMMAapHbIE MOITHOCTH:

S T R T
m m a)
MarauTHO€ CONPOTUBJIIEHUE BO3IYIIHOIO 3a30pa HOCUT YWCTO AKTHUBHBIN
XapakTep U OMPEAETACTCS YEPE3 €ro reOMETPUUYECKUE PA3MEPHI:
o 50
=8-10° —
Hoy S §
OKBHUBAJIEHTHOE MarHUTHOE COMTPOTUBJICHNE BCEH 1ETIU:
Zys=Zy+Zyo=R, +R, )+ X,
M/IC oOMOTKH M MarHUTHBIH TIOTOK B CEPJCUYHHMKE CBSI3aHBI MEXKIy COOOM
3akoHOM OmMma:
I.wvw=U,+U,, =D, Z,,, 0TKy1a CIECIyET:
_ @m ZMQ Qm +Q0m

Z o :RM0+jO:

I = —

—m

w w

BekTopHas tuarpamMma Jijist BCeX BEJIMYMH MOKa3aHa Ha pUcyHKe 253:
+1

+i _Jf

Pucynox 253
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19 Teopus 3JIeKTPOMATHUTHOIO MOJISl. DJIEKTPOCTATHYECKOE 110J1e

19.1 OcHOBHBIE IOHATHS U OIIpe/leIeHUs

DNEKTPOTEXHUKA — 3TO OTPACIb 3HAHUIA 00 IJIEKTPOMATrHUTHBIX SIBJICHHSX
U UX IPAKTUYECKOM IPUMEHEHWHM B TexHUKE. DHU3NYEeCKOM OCHOBOM BCEX
DIIEKTPOMArHUTHBIX SBJICHUU SBJISIETCS 3JIEKTPOMArHUTHOE MOJIE.

DJEeKTpOMarHUTHOE  IOJIE  HpelcTaBisieT  co0oil  BUJI — MaTepuw,
XApaKTEPU3YIOLIUICSA BO3JCHCTBUEM Ha 3apsyKeHHbIE yacTulbl. Kak Bua marepun
3JIEKTPOMArHUTHOE I0JIe 00JaAaeT Maccoi, SHEPrueil, KOJINYeCTBOM JBUKECHMS,
OHO MOJKET MPEBPAILATHCS B BELIECTBO U HAOOOPOT.

DIEeKTPOMAarHMTHOE II0JIE MMEET [BE COCTABIAIOIIMEHUIN JABE CTOPOHBI —
ANEKTPUYECKYIO U MAarHUTHYIO. B KaKI0M TOYKE IPOCTPAHCTBA OHO OINPENEISAETCA
JBYMsI BEKTOPHBIMH BEIMYMHAMH: BEKTOPOM HAIIPSIKEHHOCTH JJIEKTPUYECKOTO

nons £ [B/M] 1 BekTOpOM HampssKeHHOCTH MarHuTHOTO nonst 1 [A/m].

Crnenyer MOMHUTB, YTO B MPUPOJIE CYIIECTBYET €IMHOE AJIEKTPOMATHUTHOE
T0JIe, a OTMIETBHBIE €r0 CTOPOHBI — ANEKTPUIECCKOE I MAarHUTHOE TI0JIE — MOTYT
IPOSIBJISITBCS. HE3aBUCUMO JIPYT OT Jpyra TOJbKO B YACTHBIX CIIy4asiXx U MpHU
ONpEJICTICHHBIX YCIOBUSX.

DJIEKTPOCTaTUYECKOE TI0JIE  MPEACTAaBIseT COO0OM YacTHBIM  ciydai
ANEKTPOMAarHuTHOTO mojsi. OHO CcO3JaeTCs CUCTEMOM  HEMOABUKHBIX IO
OTHOIIICHUIO K HaOIroaTeN o (B BRLIOPAHHON CHUCTEME OTCYETa) 3apsiI0B.

DNeKTpuYecKue 3apsijibl, CO3AAIOUIME BJIEKTPOCTATUYECKOE IO0Je, MOTYT
OBITH pacHpeiesICHbl B MPOCTPAHCTBE MO TOMY WM NHOMY 3aKOHY.

Ecnu 3apsan g pacrpenesieH B HEKOTOPOM 00BEMEV, TO OH XapaKTEePU3yeTCs

. dq
00BEMHOM MIOTHOCTRIO P =— |

KJ’I/M3], OTKyJia CIeayeT, uto 9 = Ipd v
1Y
Ecim 3apsn g pacnpeneneH 10 HEKOTOPOW IIOBEPXHOCTH S, TO OH

dq
. _ 2
XapaKTEePU3YyeTCsl MOBEPXHOCTHOM IUIOTHOCTBIO O = [Kn/mM7], oTkyna cnenyer,

ds
yro 4 = Iads )
S
Ecnm 3apsg g pacnpezeneH BIOIbL TOHKOTO IPoBoAa [ WM OCH, TO OH
. _dq
XapaKTePU3yeTCsl JHHEHHON IUIOTHOCTBIO T = _dl [Ki/m], OTKyma cCiemyer, 4ro

qzjrdz_
4

W, HakoHen, eciaW 3apsa ¢ COCPENOTOYEH B TOYKE, O0bEM KOTOPOM
CTPEMHUTHCS K HYJIIO, TO TAaKOW 3apsij] Ha3bIBAETCS TOUYCYHBIM. [[OHATHE TOUCUHOTO
3apsga  SBISCTCA HWACATM3UPOBAHHBIM, B TPUPOJE TOYCUHBIX 3apsjoB HE
CYIIECTBYET, OJHAKO BBEJICHWE IOHATHS TOYCYHOTO 3apsga HWMeeT OOJIbIIoe
TEOPETUYECKOE 3HAUCHUE.
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DJEKTPOCTaTUYECKOE I0J€ B IPOU3BOJBHOM TOYKE IPOCTPAHCTBA

XapaKTepu3yeTcs BEKTOPOM HampsbkenHoctd LE [B/m]. HampskeHHOCTH mOINS
YEAMHEHHOTO TOYEHYHOI0 3apsiiagonpeiesieTcs: Mo popMyIie:

E = Lz 1o,
drse,r
L ggar.10™
rue &, = 5 N 0,044 [®D/M] — mudAEKTpUYECKas TPOHUIIAEMOCTD ITyC-
47-9-10
TOTBI; £ — OTHOCHUTEJIbHAS TUDJICKTpUYECKas MIPOHUIIAEMOCTh Cpensl,

IMOKa3bIBAKOIIAA BO CKOJIBKO pa3 I[MIPpOHHUIACMOCTb ,HaHHOﬁ CpcCabl OoubIIIe

IPOHMIIAEMOCTH IyCTOTHL; 7y = | — eIMHWYHBINA paguyc-BeKTOp, HAIIPABJIECHHEIH 110
paauycy ot 3apsana, ecinug>0, u k 3apsany, eciu g<0 (pucyHok254a).

Q10 q-<0

Pucynoxk 254

Ecnu 351eKTpOCTaTUYECKOE MOJIE CO3MACTCS CUCTEMOM 3apsA0B, TO K pacueTy
BEKTOpPAa  HAIMPSHKEHHOCTH E IPUMEHUM  [PUHLMUII  HAJOXKEHMUA,  T.C.

PE3YIBTUPYIONIEE 3HAYEHHE BEKTOPA HANPSHKEHHOCTU Nois £ B mpou3BOJIbHOM
TOYKE MPOCTPAHCTBA Oy/IE€T PAaBHO N€OMETPUUYECKON CyMME COCTABJISIOLIUX 3TOIO
BEKTOpPa  OT  KaXJIOro  TOYEYHOro  3apsga B OTAEIBHOCTH,  T.€.

E=FEi+FE>+E3+---. Ha pucynke 2546 »I€KTPOCTATHYECKOE TIOJIE CO3JAETCS

CHCTeMOH M3 1ByX TouewHbIX 3apsmoB (¢, >0 u ¢, <0). Monymn

PE3yIbTUPYIOLIETO BEKTOpa HAMPSHKEHHOCTU E MOXKHO OINpEeAeTuTh 1o (Gopmyre,
BBITEKAIOIIEH U3 TEOPEMBI KOCHHYCOB:

[E|= E? + E2 +2EE, -cosa .

ECHI/I 3HeKTpOCTaTI/ILIeCKOG II0JIE CO34acCTCsA CI/ICTCMOﬁ paCHpeI[eHeHHbIX B
IPOCTPAHCTBE 3apPsI0B, TO ATH 3apsIbl pa30MUBAIOTCS Ha dJIEMEHTAPHBIC TOUYCUHBIC
3apsabpl dg, a Omepaiysl CIOKEHHs 3aMEHSETCS MHTETPUPOBAHUEM MO 00BEMY,
miIomaan WJiIn AOJJIWHE, B 3aBUCHUMOCTH OT TOI'O, KakK paCHpeI[eHeHBI 3apHI[BI B
HPOCTPAHCTBE.

[1yCTh TOYEUHBIN 3aps]] ¢ IEPEMEMIAETCS B HIEKTPOCTATHYECKOM T10JIE E U3
TOYKM | B TOUKY 2 110 MpOU3BOJIbHOM TpaekTopuu la2 (pucyHok 255.)

294



Pucynoxk 255

[Tpu nepemerienuu 3apsiaa OyaeT cOBEpIIaThCA HEKOTopas pabora:
2

2 2
A= dez =qudz = q-jEdz =q-U,.
1 1 1
HaHpH}KCHI/ICM MCKAY TOYKaMH 1 1 2 Ha3BIBAeTCA OTHOIIEHUE pa6OTBI 1o
MEPEMENICHUIO 3apsiia U3 TOYKHU | B TOUKY 2 K BEJIMUUHE 3apsiaa ¢:

2
Ulzzészdl.
g 3

Ecnu mepemectuTh 3apsig oOpaTHO B TOYKYy | MO HEKOTOpPOW HOBOM
TpaeKkTopuu 2b1, TO cOrnacHO 3aKOHY COXpaHEHUsS SHEPrUu cyMMapHas paboTa 1o
nepeMelleHuIo 3apaaa Oy1eT paBHa HYJIO:

A=g[Edi+ o[ Edi = gf Edi =0,
1 2

W3 I10Ty4E€HHOTO BBIPAKEHUS CIIEAYET B BBIBOJIA:
1) §E dl =0— pupkynaums BeKTOpa HANPSHKEHHOCTH nons FE - 110

3aMKHYTOMY KOHTYPY paBHa HYJIIO;

2 1
2) J Edl = —_[E dl wmu Uy, =—U,,— nanpskenune mexy 1BymMs Toukamu 1 u
1 2

2 HEe 3aBUCHUT OT BBIOOpA MyTH UHTETPUPOBAHUSI.
Bropoil BBIBOJ TMO3BOJSET BBECTM B pPACUE€T HEKOTOPYIO (YHKIUIO

KOOpJIUHAT @(x,y,z) monm Ha3BaHWMEM IIOTCHIMATA IO, Pa3sHOCTh 3HAYCHUU

KOTOpOﬁ B paCCMAaTpUBACMbBIX TOYKaAX 1 u 2 yncaeHHO PaBHaA HAIIPAKCHUIO MCIKIAY
9THMH TOYKAMM:

2
o=, =Up, =[Edl.
1
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[Tycts noTenuman Touku 1 usBecreH (@, = const ), a TOUKa 2 MepeMeInaercs
B IIPOCTPAHCTBE U €€ MOTeHIMAa OyAeT pyHKIHUelH KOOpANHATY, ), Z:

X0,z

0, = (x,y,2)=U, == [Edl+¢,.
1
B QJICKTPOTCXHHUKEC 34 68,30By}0 TOYKY C 3aJlaHHBIM HYJICBBLIM INOTCHIHWAJIOM

IPUHUMAIOT “3eMJTI0”, @ IPU OTCYTCTBUU 3a3€MJICHUS — JIIOOYIO TOUKY LENHU WU
CXEMBI.

IIpuaumas @, =const 3a TOCTOSSHHYIO HWHTETPUPOBAHHUs, IIEpEUlIEM K
HEOIIPEACIEHHOMY UHTETPAILY:
¢ =~[ Edl = [ Edl cos(Edl) =~ [ Edl,

op —
5’ T.e. nOpoekuMs Bektopa L Ha mo0oe HampasieHHE

[TTOKa3kIBaeT CKOpPOCTH Y6I>IB8.HI/ISI I[moTceHIalla B 3TOM HaIIpaBJICHUH. AHaJIOTHYHO

orkymaE, = —

MOJKHO 3aIliCaTh COCTABJIAOINNUC BCKTOPA E 1o KOOPpOAWHATHBIM OCAM X, y, Z:
o o o
E=-2; g =--2 f--22

X T T

ox oy oz

[Ipocymmupyem OTAEIbHBIE COCTABIAIONINE BEKTOPA:
E-_i% 500 3%
0x oy 0z

-0 -0 -0
= (i—+ j—+k—)p=-Vo=—orad
(i ™ Jay az)co Q=—grad g,

V= (;£+_-_+§£)
rue pm J PP orepaTop IIPOCTPAHCTBEHHOI'O

nuddepentupoBanusi(I aMuiIbTOHA).
[ToBepXHOCTh, Ha KOTOPOH MOTECHIMAI ¢ HWMEET IMOCTOSHHOE 3HAYCHHE,

Ha3bIBACTCA SKBHHOTGHHHaHBHOﬁ. BCKTOp HaMps>KCHHOCTHU  T10JIA E HaIripaBJICH B
CTOPOHY HauOOJIBIIIETO y6I>IBaHI/IH IMOTCHIOMAaIa Hu, CJIICOOBATCIIBHO,
MNCPICHIUKYIISIPHO K BKBI/IHOTCHHI/IaJIBHOfI IMOBCPXHOCTH.

19.2YpaBHeHHUA 3JIEKTPOCTATHYECKOIO MOJIsl B HHTErPaJbHOM U
auppepenunanbHoil popme

WuterpanbHas ¢popMa ypaBHEHHI OMHCHIBAET MOJE€ B KOHEUHBIX pa3Mepax
o0bema,  TMOBEPXHOCTH,  JIMHUHU,  PACHOJOXKEHHBIX B  MPOCTPAHCTBE.
HuddepenunansHas GopMa TeX ke ypaBHEHUH OMHUCHIBAET MOJIE B MPOU3BOJIbHBIX
TOUYKaX MPOCTPAHCTBA.

1.3akon Kynona omnpenenser cuily B3aUMOJCUCTBHUS MEXKIY JBYMS
TOYEUYHBIMU 3apsIaMu:

F—_1% _ P '
dree,r

Cuna B3aMMOJEICTBUSA JIBYX TOYEUHBIX 3aps70B HallpaBjieHa MO MPSIMOii,
COCAUHSIONINX 3TH 3apsipl, IPU 3TOM OJHOMMEHHBIE 3apsAJbl OTTAIKMBAIOTCA, a
Pa3HOMMEHHBIE — IIPUTATUBAKOTCS.
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2.Panee Obla moslydyeHa HHTETpaibHas popMa ypaBHEHUS UPKYIISIIUU BEK-

TOpa HANPSHKEHHOCTH 1071 £ 10 3aMKHYTOMY KOHTYDY:
§E dl = 0 — purerpansuas Gpopma.
[To Teopeme Ctokca nepeiaem Kk auddepeHuanbHol GopMe 3TOro ypaBHe-
HUSL:
Edl _
lim=——=vrot, E=0,
As—0 AN
Tak kak muomaaka AS BbIOMpanach MPOU3BOJILHO, TO OYEBUIHO MPOEKIIMS
BeKTOpa rof E Ha 1I060€ HAPABICHNE PaBHA HYJIIO, CIIEI0BATEIBHO H CAM BEKTOP
paBeH HYIIO:
rot E = 0 — nuddeperunansaas popma.
PoTop BekTopa E XapakTepu3yeT ero BUXPHU B IIPOCTPAHCTBE. PaBeHCTBO
rotE =0 03HAaYaeT, 4TO IEKTPOCTATHIECKOE TOJI¢ SBISETCS OE3BHXPEBBIM, T.C.
NOTEHUIUATbHBIM.
B nexapToBol cucTEME KOOPAMHAT ONEPALUs FOf3aMUIIETCS TaK:

i J ok
710920 - OE, - _ OE
ol (O (L R T
Ox 0y Oz oy Oz Oz Ox B oy
E.EE.

3. Teopema I'aycca siBnsercs onHOW W3 (yHAAMEHTAIbHBIX TEOPEM B
TEOPUH TIOJIS:

ffDdS = ZqCB — MHTErpajgbHas (popma 3amucu TEOPEMbI IIACUT, YTO TTOTOK
S

BEKTOPA JIEKTPHYIECKOTO CMENIEHUsS D CKBO3b 3aMKHYTYIO IIOBEPXHOCTh S PaBeH
anreOpanvyeckol  CyMMe CBOOOZHBIX  3apsAOB, PACIHOJOXKEHHbIE BHYTPHU
IOBEPXHOCTH .

JI711 OMIHOPOAHOM CpenbI D= 550]5_? , TOT1a §E ds = Z des | €€, .
N

[To Teopeme Octporpaackoro mepeiaem k auddepeHmaipsHo hopme
ypaBHEHUs Teopemsl [ aycca:

Dds
§ ’ lim ZqCB _ quB

lim S—— = divD = - ATENLHO:
A0 AD ’ Av>0 A dv Pcp , CIIEAOBATEILHO:

divD =VD = Pcp — muddepeHmanbHas hopma.

JuBeprennus Bektopa [ XapakTepusyer ero UCTOKH B IPOCTPAHCTBE,

CJIE€ZI0BATEIbHO, JIMHUU BEKTOpa D HAUMHAIOTCS HA MOJIOKUTENbHBIX 3aps/iax U
3aKaH4YM- BAIOTCS HA OTPUIIATEIIHHBIX.
B nexapToBoii cucteMe KOOpJMHAT orepanus div 3aluIleTcs Tak:
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— oD
divD = D, +—+ D,

ox oy 0z
JUist oHOPOIHOM cpenst D = &, E , Tora divE = %
0

4, 9JI€KTpOCTaTI/I‘I€CKO€ IIOJIC O6J'Ia,}:[aCT CITOCOOHOCTBIO 3aItacarh 9HCPIrUIO.

OO6BbeMHas MJIOTHOCTh STOM SHEPIHH BBIPAKAETCSl ypaBHEHUEM:
dWs_B-Z_?_ggoEz_ D’ e
dv 2 2 2¢s¢, /).

I[JI}I OIIPCACIICHUA 3alldCa ODHEPruru B 3daJdHHOM ob0reme v HGO6XOI[I/IMO
BBIIIOJIHUTE MHTCIPUPOBAHUC IIJIOTHOCTH SHCPIUH 110 3aJaHHOMY O6B€My3

W, = {%du = .[%ggoEzdu = :':%du

19.3 I'pann4HbIe YCJIOBHS B 3JIEKTPOCTATHYECKOM I10J1€

Boigenum npou3BOJIbHYIO TOUKY 7, PACTIONOXKEHHYIO B 3JIEKTPOCTATUYECKOM
MoJIe Ha TOBEPXHOCTH pa3fena JBYX [UAJIEKTPUKOB C Pa3HbIMU 3HAYEHUSIMU

IUDJIEKTPUUECKON IPOHULIAEMOCTH &, U &, (PUCYHOK 256)

s p /
ey I S 4 £ty
n n
Ab
s ' Gtz

o
N
N
Fe
g
)
™
~N

a) 6)
Pucynok 256

OKpy>XHM TOUYKY 7 3JIEMEHTAPHOU MPU3MOM, Y KOTOPOU BBICOTa OECKOHEYHO
Majla II0 CpPAaBHEHHIO C JIMHEMHBIMU pa3MepaMu OCHOBaHudA. IlpumeHum K
MOBEPXHOCTH pU3MBbI Teopemy ["aycca, mpu 3ToM npeHedpekeM MOTOKOM BEKTOpa

D depe3 GOKOBbIE TIOBEPXHOCTH BBHJLY HX MaJoCTH. TOr/ia mojyumm:
§Dds= <j>Dds+ i*Dds=—D1 COAS, +D, o AS, =—D, -AS+D,,-AS=0  yny

S AS, AS,

D,cosa, =D, cosa,, D, =D,,

Ha rpamnnme pasmena JOByX — JOMAJIEKTPUKOB  PaBHbl  HOPMAJIBHBIE
COCTABJISIIOLIME BEKTOPA DJIEKTPUYECKOro cMeleHus D .
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OKpy>XMM BBIICICHHYIO TOYKY 71 JJIEMEHTAPHBIM MPSMOYTOJBHUKOM,
BBICOTa KOTOPOTO OECKOHEYHO Majia 10 CPaBHEHUIO C €r0 JJIMHOM (PUCYHOK 2560).

Haiinem 3HadeHMe HUPKYISIIUK BEKTOPA E 1o MIEPUMETPY NPSAMOYTOJIbHUKA:
{ Bdl = { Edi+ { Edi = E, sinoy\l, - E, sino, AL, = E,, - Nl = E,, - N =0y
l

Al Al

E sma, =E,sma, E =E,,.
Ha rpanune pasznena nByX NDMAJIEKTPUKOB PaBHBI TAHTCHIIMAIbHBIE COCTAB-

JISIFOIIE BEKTOPA HAMPSHKEHHOCTH Tois E .
PaznenuM mno4YneHHO BTOpPBIE YpPAaBHEHHsS HA MEPBBIE W YUYTEM, YTO

D = &g, E | nonyunm

E, E, E sing, E,sina,

N WITH = OTKYyJa CleflyeT

D, D, geyE cosa;, egyE,cosa,’ Y Y

go, _ &

g, . T YCuOBHE NPENOMJICHHMsS JMHMIA OIS HAa TOBEPXHOCTH
2 2

pasaciia ABYX AHUIJICKTPUKOB C Pa3IMYHbIMHM 3HAYCHHUAMH H HHBHGKTPHH@CKOﬁ

IPOHULAEMOCTU( &, U &, ).
Ecnmu nuHWM mons HampaBlIeHBl HOPMajdbHO K TOBEPXHOCTH pasnena (
a,=a,=0), 10
D =D I
1 2 E'2 6'1 .
PaccMoTpuM rpaHuyYHbIE YCIOBHS Ha MOBEPXHOCTH pa3jelia AUAJICKTPUKA C
IPOBOJHHUKOM.

DneKkTpuyecKkoe Mojie BHYTpU HpoBOJHMKA oTcyrctByer (E£= 0), a ero
MOBEPXHOCTh SIBJISIETCS OSKBUIMOTEHUMAIbHOW. Ha mMoBepXHOCTH NPOBOJHHUKA
OECKOHEYHO TOHKHUM CJI0eM OyIyT pacmojiaratbcsi CBOOOAHBIE pa3psiibl C
MOBEPXHOCTHOM IJIOTHOCTBIO o . JIMHM MOJIA B IUANEKTpUKE OYAyT HampaBlieHBI
HOPMAaJIbHO K TIOBEPXHOCTHU MPOBOJHHKA KaK K SKBUIIOTCHIINATbHOM MTOBEPXHOCTH.
[Ipumensist paccyX1eHus, aHATOTUYHbIE MPEIBIIYIIEMY IPUMEPY, TOTYyUUM:

D,=D=oc, E, =0.

19.4YpaBnenue Ilyaccona u Jlansaca. Teopema eIMHCTBEHHOCTH pPellieHUSI

Pacuer oneKkTpocTaTHYECKMX TIOJIEM C HCIOJb30BAHWEM YpPAaBHEHUU

rotE=0 u divD=p.; BO3MOXEH TOJBKO B NPOCTEHmHMX ciydasx. Hawmboee

0o0IMM METOAOM SBIISIETCSI pPacyeT DJIEKTPOCTATUYECKUX TOJeH Ha OCHOBE
pemenus ypaBHeHui Ilyaccona u Jlarutaca. Beisegem 3Tu ypaBHEHUS.

Panee 6bu10 monydeno £ =—gradg =—V ¢ . TloxcraBuM 5T0 BBIpaXKeHHE

B YPaBHEHUE NUBEPIEHINN:
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divD = div(ggof) = gg,div(—grade) = —¢gg,divgradp = p, ,
OTKy/Ia CJIeIyeT:

. Pcs 2 Pcs
divgradp = — umn V@ =- — ypaBHeHue Ilyaccona.
e, &e,
VYpasuenue [lyaccona cripaBeyiuBO I TEX TOYEK CPENbL, T1I€ CYIIECTBYIOT

00BEMHBIE 3aAPSAIBL Py -

B peanbHbIX ycI0BUsX CBOOOHBIE 3apsi/ibl PACIIOIaraloTCsl Ha IOBEPXHOCTH
IPOBOJAHHUKOB OECKOHEYHO TOHKHM cioeM. O0beMHas IUIOTHOCTh TaKUX 3apsiioB
paBHa 0€CKOHEYHOCTH U ypaBHeHHE [lyaccoHa MpUMEHUTENBHO K HUM TepsET CBOM
CMBICIL.

B nuanexrtpukax, KOTOPBIMM pa3lelIeHbl 3apsHKEHHBIE  IPOBOJHUKH,

00beMHbIe 3apsanbl oTcyTcTBYIOT ( Py =0), ypaBnenne Ilyaccona mpespainaercs
B ypaBHeHue Jlamaca:

divgradp =0 nwm V'@ =0 — ypasuenne Jlamnaca.

Takum o0pa3zoM, 3JEKTPOCTATHYECKOE MOJIE€ B JUAJIEKTPUKE OMHCHIBACTCS
ypaBHeHueM Jlariaca, BHyTpY NMPOBOJAHUKOB I0JIE OTCYTCTBYET BOOOIIE, a Ha rpa-
HULIE pa3liesia JUAJIEKTPUKA C MPOBOJHUKOM BCTYMNAIOT B CHJIYy TPaHUYHBIEC YCJIO-

BH;{DM:DZO', Elt:O-
B nexapToBoii cucteme KOOpAMHAT ONepaluio ABoitHoro auddepeHupona-
HUSI 'V’ 3aMKCBIBAIOT TaK:
2 2 2
Ve :(i£+ji+kg)¢:(i6—+ja—+k6—)go:O
ox = Oy 0z ox oy 0z '

VYpaBuenue Jlamiaca B 3JEKTPOCTATUKE HMMEET HCKIIOYUTENIHO Ba)KHOE
3Ha4YCHHUE.

VYpaBuenus Ilyaccona u Jlamnaca, kak ypaBHEHHs B YACTHBIX MMPOU3BOIHBIX,
JOMYCKAalOT MHOECTBO JIMHEMHO HE3aBUCHUMBIX YaCTHBIX pemeHuid. OaHako B
peanbHBIX YCIOBHSIX KaXKJIOM KOHKPETHOM 3aJady€ COOTBETCTBYET TOJIBKO OJHO
ONPEJIETICHHOE PELICHUE.

TeopemMa eIWHCTBEHHOCTH pEIICHUS TJIACUT, YTO HAWJIEHHOE JIOOBIM
criocobom perenue ypaBHeHui [lyaccona wim Jlammaca, siBisieTCSt € TMHCTBEHHO
BEPHBIM PEIIEHUEM, €CIM OHO YAOBJIETBOPSET T'PAHUYHBIM YCJIOBHUSAM JIaHHOU
3aJ1a4yu.

[Ipenmnonoxum, 4To CyIIECTBYET ABa PEIICHHUS JIJI1 BEKTOPa HAIIPSKEHHOCTH
—/ =/
nonss FE uE , o0a ynoBIETBOPSIONIME TPAHUYHBIM YCJIOBHUSAM 3ajaud. Torma

IMOJIy4YHnM:

diV(E/ — E//) = diVE/ - diVE// = @ _ @ — 0
&€, &€,

—/ =/ —/ —//
rot(E —E )=rotE —rotE =0-0=0,
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Ecnu rot u div or BekTOpa paBHBI HYJIO, TO CaM BEKTOP TOXKIECTBEHHO
—/ = -/ =1 =
paBeH Hymo, ciaemoBareabio £ —F =0, wm E =FE =FE, gyto TpeboBaaoch

JI0Ka3aTh.

W3 Teopembl €IMHCTBEHHOCTHM PEIICHHUS BBITEKAIOT JBa CJEACTBHUA,
UMEIOIIee BAXKHOE MPAKTUIECKOE 3HAUCHUE!

1) AIIEKTPOCTATUYECKOE TOJ€ B HEKOTOPOM 00beMe, OrpaHUYCHHOM
HKBUIIOTEHIIMAILHOW TMOBEPXHOCTHIO, HE HW3MEHHUTCS, €CIH 3Ty IOBEPXHOCTH
3aMEHUTH OECKOHEYHO TOHKUM MPOBOJISALINM CIIOEM;

2) ANEKTPOCTATUYECKOE TOJI€ MO OJIHY CTOPOHY  HEKOTOpOH
MIOBEPXHOCTH S HE U3MEHHTCS, €CJIU TI0 APYTYI0 CTOPOHY MOBEPXHOCTH U3MEHUTH
napaMeTpsl cpeipl (HampuMmep, 3aMEHHTH TOBOJSIIYIO CPEIy AUAJICKTPUKOM) H
U3MEHHUTH PACTOJIOKEHNE CBOOOJHBIX 3apsIOB TaK, YTOOBI HA ATOW MOBEPXHOCTH
COXPAHMJIUCH TIPEKHIE TPAHUYHBIC YCITOBHS.

BTtopoe crnencTeue JeKUT B OCHOBE TaK HA3bIBAEMOT'O METO/a 3epKaIbHBIX
O0TOOpaXeHH, MPUMEHSEMOT0 Ha MPAKTHKE ISl pacyeTa JJIEKTPOCTATUYCCKHUX
HoJIeH.

19.59aekTpocTaTu4eckoe moJjie 0CeBbIX 3aps/10B

Hwxe Oyaer paccMOTpEHO HECKOJIBKO TPHUMEPOB DIIEKTPOCTATHUYCCKUX
MOJIeH, CO3/JTaBa€MbIX OCEBBIMU 3aPsIaMHU.
1) Ilone yeounennoii pagnomepro 3apsdicennou ocu (pUCyHOK 257a).

v v

a) 6)
Pucynoxk 257

PacyeT mapamMeTpoB MoJisi B IIPOM3BOJILHOM TOYKE 71 BBIIOIHMM € HOMOIIBIO
Teopembl l'aycca B wmHTerpanbHoii Qopme. OKpyKMM O0Chb IMIMHIPOM C
POU3BOJILHBIM PAJMYCOM 7 ¥ JUIMHOM oOpasyromei / =1. BeKTop 3J1eKTprIecKkoro
cmemenns D=é&6 E B cuny cuMMeTpuM BO BCEX TOYKaX Ha OOKOBOM

MOBEPXHOCTHU IWIMHJIpA (F=const) UMEET OJHO U TO K€ 3HAUYCHUE U HAIpaBIICHHUE
10 pajuycy, T.€. HOPMAJIBbHO K 3TOM MOBEPXHOCTH.
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ITo Teopeme 'aycca monyunm:
§D-ds: §D-ds+ fD-ds:D-Zﬂrl+0:q=r-l_
S

ASpox ASrop
T T
OTKyIa cieayerT, YTo D=—,; E=——
Y Yo 27r 2rgg,r

IToTok BexkTopaD uepe3 TOpPUEBBIE IMOBEPXHOCTH LMIMHAPA PABEH HYIIIO,
TaK KaK JJMHUU BEKTOPA 371€Ch HANPABJICHBI 110 KACATEIbHOM K IIOBEPXHOCTH.
B umnmHapudeckoi cuctemMe KoOpaAuHaT MOTEHIMAI ToJisl ¢ OyeT 3aBUCETh

TOJIBKO OT paanyca 7: E= —grade = _d_(f , OTKyJla
o =—[Edr=—| TAr T mrsC=—"mlic
2rsg,r 2rege, 2rgg, r

Ecnu mnpuHATP Ha HEKOTOPOH TMOBepXHOCTH paaumyca [ 3HadeHue

MOTEHI[MAJIa PaBHBIM HYJIO, TO C= Y ree In7, y 3pauenme MOTEHIIMada Ha
0

MOBEPXHOCTHU MIPOU3BOJILHOTO pajnyca OyieT paBHa:

T 7
Py =5 ——In-—>

2rgg, 1

2). Ilone koaxcuanvroeo kabens (pucyHok 2570).

KOHCTpYKTHBHO KOAKCHAIIbHBIA KaOeidh COCTOMT M3 BHYTPEHHErO IPOBOJA
pamuyca r; (IpSAMOM TPOBOJ) W HAPY)KHOTO TPOBOJA B BHAC TPYObl MU
METAJUIMYECKOT0 4Yexjia paauyca 7, (0OpaTHBIA TPOBOJ), pa3iCiCHHBIX MEXKIY
CO0O0M AMIICKTPUKOM C OTHOCUTEIIHOM MPOHUIIAEMOCTBIOE.

PeanpHbIe 3apsibl B KOAKCHAIBHOM Ka0esie pacIioyIoKeHbBI PaBHOMEPHO TIO
MIOBEPXHOCTH BHYTPEHHEro MpoBoja (KWje) M Ha BHYTPEHHEH IOBEPXHOCTH
BHEITHEH 000I09KH. B COOTBETCTBHM CO BTOPBIM CJICJACTBHEM U3 TCOPEMBI
CIMHCTBEHHOCTH 3aMCHHMM ITOBEPXHOCTHBIE 3apsI/Ibl BHYTPEHHETO IMPOBOJIA OCEBBHIM
3apsA70M C JIMHEHHOW IUIOTHOCTBIO 7, TOCIE Yero K pacyeTy IMapamMeTpoB IOJIS
MOYKHO TMPUMEHHUTH TMOJIOKEHHSI M BBIBOIbI, TIOJYUYCHHBIC paHee ISl 3apsHKCHHOM
OCH:

T T
D=—:; E=—,
2nr 2reg v
Harnpsoxenue Mexay BHyTPEHHEH KUIT0M U 000JIOUKOM:
t——  t dr T v
2regyr 2megyr 1
n n

EmkocTh kabens Ha equHUITY JTHHBI:
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c =L -2 r=c. .y =Y
U OTKyJa ciemyer,4ro = © B 7
v, » D
v In-2 In—=2
h h

Haubonbiiee 3HaueHrne HANPSKEHHOCTH TOJII UMEET MECTOHA MTOBEPXHOCTU
BHYTPEHHETO MPOBOJA IIPH 7 =7, :

T U-2neg, U

2reg,n

max 7 7
In-2-2zeey; 1 In-2
h h

3). Ilone 08yX pAZHOUMEHHO 3APANCEHHBIX NAPALIENbHBIX OcCeli (PHCYHOK

258). JlBe IBYX PasHOMMEHHO 3apsuKEHHbIE ocU (T, = +7, T, =—7) pAaCcIOJIOKEHBI

napaujiCjbHO Ha paCCTOAHUU 2a B AUDJICKTPHUICCKOM IIPOCTPAHCTBE.

Pucynox 258

[TapameTpsl MO B MPOM3BOJBHOM TOYKE MPOCTPAHCTBA 7 MOTYT OBITh
ONPEACIICHBI 110 METOAY HAJIOXKEHHUs. Pe3ynpTupylomui BEKTOP HaAIPSKEHHOCTH
IOJIsI  PaBEH TEOMETPUYECKOW CYMME COCTAaBILIOLINX, A PE3YJIbTUPYIOLINN
NOTEHLMAN — AJIreOpandecKoll CyMMe COCTABIIIOIINX OT Ka)10T0 IpOBOJa:

—_— —_— —_— /z- —_ —_— —_
EFE=FEi\+E,=—ro+——rmn;
2ree r 2rgg,r,
1 -7 1 T r
P=0,+@, = In—+ In—+C= In2+C.
2rneg, 1, 2meg, T, 2rgg, N

Ecnu npunsite @ = 0 B TOukax paBHOYIAJIEHHBIX OT 00euX oceit (1 =7, ), TO
NIOCTOSTHHAS MHTETpUpOBaHus OyneT paBHa Hyto (C=0), Torna noay4um:
T 7
=——In-%,
2ree, 1
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9KBI/IHOT6HHI/IaHBHBIe MOBCPXHOCTH ¢ = const JOJIKHBI YAOBJICTBOPATL YCJIO-

.
__
B0 k= p =const . B reoMeTpMu €CTh MAaJIOM3BECTHAs Teopema AIOJIOHUS,
1

KOTOpasd riacur, 410 rcOMCTpUICCKUM MECTOM TOYCK, OTHOIICHUC paCCTOHHI/Iﬁ oT
KOTOpPBIX 10 SaﬂaHHOﬁ mapbl TOYCK ITOCTOSAHHO, SABJIICTCA OKPYKHOCTH, HCHTP
KOTOpOﬁ JCKHUT Ha JIMHUU, COGI[I/IHHIOHICIZ 34/IaHHYIO ITapy TOYCK. OTta OKPYKHOCTH
A0JKHA YAOBJICTBOPATH CIACAYIOIIEMY YCIOBHIO!

(s+a)(s—a)=R*> ym sta_ K ,
R s—a
AHanmu3 TeoMeTpuM pPHUCYHKa 258 TmOKa3bIBae€T, 4YTO TPEeyrojJbHUK 20n
noio6eH TpeyronbHuky n01 (oOuwmii yron ¢ BepumnHoit 0 U mpuiexamiye K yriy
CTOPOHBI MPOMOPIHMOHATBHBI). M3 MOA00Ms TPEYroJbHUKOB CIIEIYET:

s+a R _r_z_k

R s—a r

IIpn nepemenieHnn TOYKH /7 BOJIb OKPY>KHOCTH U3MEHSAIOTCSA PACCTOSIHUA 1

r.
_ 2 _
M 7, TaK, 9TO HX OTHOIICHHE OCTACTCS IOCTOSHHBIM K —7—00”Sf . Ilpn
1
r
7 LCHTP OKPYKHOCTH II€pEMEIIACTCI BAOJIb JIUHUH,
1

k=

N3MCHCHHNH OTHOLICHUA

COCUHAIONIYIO 3aJaHHyr0 mapy Touek 1 u 2. Ilpu k>1, 7, >7 u ueHTp
OKPY>KHOCTH HaxoOJIUThCS B JIEeBOM mosyobnactu, npu k<l, 7} <7, U LEHTpP OK-

PY)KHOCTM HAaXOAWTCS B MpaBod mnoiyoOmactv, a npu k=1,/; =7F,, UEHTp

OKPY’KHOCTH CMEIIAeTCsl B 0ECKOHEYHOCTh, a caMa OKPYXHOCTh IIPEBpaIlaeTcs B
IPSIMYIO JIMHHUIO, COBIAJAONIYIO0 C BEPTUKAIBHOW OCBIO CHMMETPUHU.

JIuHMM BEKTOpa HaNpsKEHHOCTH MNOoJii E  Takke SBISETCS OyraMu
OKPYXXHOCTH, HO C LEHTPaMH, pACHOJIOKEHHBIMH Ha BEPTUKAIBHOM OCH
CHUMMETPHH.

['padpuaeckoit muarpaMmoil WM CETKOW TOJISI HA3bIBAETCS COBOKYITHOCTH
CJIEIOB  OJKBUIIOTCHIIMAJIBHBIX IIOBEPXHOCTEW C  3aJaHHBIMUA  3HAYCHUSIMU
IIOTEHIUAJIOB, TOCTPOCHHAs! COBMECTHO C COBOKYITHOCTBIO CIIEIOB JIMHUU BEKTOpA

HanpsbkeHHocTu moniss E. I'paduueckas nuarpamMma monis JABYX pPa3HOMMEHHO
3apsKEHHBIX 0CEH MMEET BUJ pUCYyHKe 259.

[To rpaduueckoii ruarpaMme TMOJIsI MOYKHO ONPEICIUTh ero mapameTpsl (£,
@) B I000H TOUKE.
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Pucynoxk 259
19. 6 DaexkTpocTaTHYeCKOE M0JIe U EMKOCTh ABYXIIPOBOAHOM JIMHUH

[Tycts Tpebyercst paccUuTaTh SJIEKTPOCTATHUECKOE TI0JIE U EMKOCTh
JBYXMPOBOJAHONW JIMHUUA C 33JaHHBIMH TE€OMETPUYECKHMHU paszMepamu (paauyc
IPOBOJIOB R, MEXOCEBOE paccTosiHuE d, paguyc R cou3mepum ¢ paccTosHueMd).
[IpoBosa MMHWY HE 3a3€MJICHBI, K JIMHUHM TPHJIOKEHO MOCTOSTHHOE HamnpsikeHue U
(pucyHnok260).

CornacHO BTOpOMY CJEICTBUIO U3 TEOPEMbI €IMHCTBEHHOCTH 3aMEHUM I10-
BEPXHOCTHBIE 3apsbl IMIPOBOJIOB OCEBBIMH + 7H-7, TIPOBOJIAILYIO CPEIy —IHAJICK-
TPUKOM TaK, 9TOOBI HA TIOBEPXHOCTH MIPOBOJIOB COXPAHUIIUCH TIPEKHUE YCIOBUS, a
UMEHHO: 3TH MOBEPXHOCTH JODKHBI OCTAThCSI SKBUIIOTCHITUAIBHBIMA C TEMH K€
3HAYEHUSMH TOTEHIIMATIOB ¢, = +@ U ¢@,= —@. UTOOBI BBIMOTHUTH 3TU yCIOBUS,
DIIGKTPUYECKUE OCH TMPOBOJOB JIOJDKHBI OBITh CMEIIEHBl OTHOCHTEIHHO
TE€OMETPUUYECKUX OCEl Ha HEKOTOPOE PACCTOSTHUE S—.

|
i
d -
|
Pucynoxk 260
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CoryiacHO BTOPOMY CJIEJICTBHIO U3 T€OPEMbI €JUHCTBEHHOCTH 3aMEHHMM I10-
BEPXHOCTHBIE 3apsi/ibl TPOBOJIOB OCEBBIMH + 7H-7, TIPOBOJISIIYIO CpEeay —IUdJIeK-
TPUKOM TaK, 9TOOBI HA TIOBEPXHOCTH MIPOBOJIOB COXPAHUIUCH TIPEKHUE YCIOBUS, a
MMEHHO: 3TH MOBEPXHOCTU JOJIKHBI OCTAThCS AKBUIIOTEHIHAIBHBIMU C TEMH K€
3HAYEHUSMH TOTEHIIMATIOB ¢, = +@ U ¢,= —@. UTOOBI BBIMOTHUTH 3TU yCIOBUS,
ANEKTPUUYECKUE OCH TMPOBOJIOB JIOJDKHBI OBITh CMEUIEHbl OTHOCUTEIBHO
Tr€OMETPUYECKUX OCEH Ha HEKOTOPOE PACCTOSIHUE S —.

[TonmoxkeHne INEKTPUIECKUX OCEN ONMPENEAETCS U3 TEOPEMBI ATIOJIOHUS:

2
(s+a)(s—a)=R
2s =d
Takum  00pa3oMm, 3JIEKTPOCTATHUECKOE IOJIe, CO3/1aBaeMoe  JBYMs
NPOBOJIAaMH C TIOBEPXHOCTHBIMHU 3apsjaMH o, OYJEeT SKBHUBAJICHTHBIM TIOJIO,

KOTOPO€ CO3JaeTCs ABYMs PA3HOMMEHHO 3apsKCHHBIMU OCAMH + TU-7, U I €ro
pacuera MOXHO MPUMEHUTD MOJIyYeHHbIE paHee POPMYIIbL:

= = = T v
E=E. +E:; op=¢,+p,=—In—>
2ree, T,
[ToTeHura MoJI0KUTEIBHOTO MPOBOJA:
T r T s+a T d—(s—a
 =——In2= In = In (s—a) .
2nee, 1, 2mee, R 2ree R
B cuny cummerpun @, =—@,, TOra HaIpsHKEHUE:
T d—(s—a)
U=P — ¢, =2, =——1In :
TEE R
I71€ S—a — CMELIEHUE IEKTPUUECKON OCH IMPOBOJA OTHOCUTEIBHO
reOMETPUYECKOM.
W3 momy4eHHOTO BBIPAKECHHSI BBITEKAIOT PACUCTHBIC (DOPMYJIBI:
U -ree T TEE
= [K1/n]. C,=—= [@/m]
d - S - a 2 d —_ S J— a .
R R

Jlis Bo3aymHBIX JTUHUE (&=1) MeXoceBoe paccTossHue d MHOTOKPATHO
Oonplle paamyca MpoBOAOB R. B 3ToM ciiydae cMeleHHeM DIIEKTPUIECKUX Ocei
MOXHO TIpeHeOpedb (s—a~0) U cuuTaTh, YTO IEKTPUUECKUE OCHU MPOBOJOB COBIIA-
JAI0T ¢ TeOMETPUICCKUMU. JJIsT TaKWX JIMHUK TIOJTyYeHHBIE BBIIIE pacdeTHbIE (Hop-
MYJIbI OYyT UMETh BUI:

U - T TE
72%[]{71/.7%], COZEZ col [@/M].
In — In —
R R
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19.7 JnekTpocTaTnyeckoe moje i eMKOCTh HWINHIAPHIECKOT0
NPOBO/IA,PACIIOJI0KEHHOT0 HA/l MPOBOSIIIEH MI0CKOCTHIO (3eMuIeil)

[Tycte TpeOyeTcst paccuuTaTh dSJEKTPOCTATHYECKOE TIO0JE€ W EMKOCTh
IWIMHIPUYECKOTO TPOBOJIA, PACIOJIOKEHHOTO HaJ MPOBOJAIICH MIOCKOCTHIO
(3emuteif). 3amaHHBI paARycC IPOBOAA R, BRICOTA MOABECKH /4 (paanyc R consmMepum
¢ BbicoTOM /). K mpoBoty mnpuiioxkeHo nocrossHHOe HanpsikeHue U (pucyHok261).

Pucynoxk 261

CorylacHO BTOPOMY CJEACTBUIO M3 TEOPEMBl EJUHCTBEHHOCTH 3aMEHUM
IIPOBOASIYIO CPEAY IAUDIIEKTPUKOM, a IIOBEPXHOCTHBIE 3apsIbl IPOBOAA U 3EMJIIN —
JIBYMsI Pa3sHOMMEHHO 3apsSOKEHHBIMH OCSIMH +7U-7 TakK, 4YTOOBl OCTaJHCh
HEU3MEHHBIMH TIPEKHHUE T'PAHUYHBIE YCJIOBUS: 1) MOBEPXHOCTh 3€MJIM JOJDKHA

OBITh SKBUIOTCHIIMAIBHON C moTeHIMaaoM @,= 0, 2) MOBEpXHOCTh MPOBOJIA
JIOJDKHA OBITh SKBUMOTEHIIMAIBHOM ¢ TOTeHIIUAIOM ¢, =U. UTOOBI BBITIOTHUTH ITH

YCIOBUSI, JJIEKTPUYECKHE OCU +7U-7 JOJKHBI OBITh CMEIIEHBI OTHOCHTEIHHO
reOMETPUUYECKUX OCEN Ha HEKOTOPOE PacCTOSIHUE S—d.
[TonoxeHue 3JIEeKTPUIECKUX OCEN ONPENENSIETCS U3 TEOPEMbI ATIOJIOHUS:

(s+a)s—a)=R’
s=h

Takum O6p8,30M, QJICKTPOCTATHUYCCKOC  IIOJIC, co3gaBacMoOC  JIByM:A
npoBoOJaMM C IIOBCPXHOCTHBIMH 3apsgaMHu o, 6y,Z[CT O9KBUBAJICHTHBIM IIOJIIO,
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KOTOPOE€ CO3/1aeTCsl IBYMS Pa3HOMMEHHO 3apSKEHHBIMU OCAMU + U-7, U JI €ro
pacyeTa MOXKHO MPUMEHHUThH MOJTYyYEHHbIE paHee POpMYJIbL:

E=E1+Ez; (0:(014_(02:#111’”_2

2mee, T,
[Torenuunan npoBoja:
o=U= T T 1ns+a _ T 1nZh—(s—a)
2ree, 1, 2mee, R 2meg, R ’

i€ S-a — CMEILIEHUE AMEKTPUIECKON OCH MTPOBOJIa OTHOCUTEIHLHO T€OMETPUUECKOM.
N3 noayyeHHOro BBIPAKEHUSI BBITEKAIOT pacueTHbIE (DOPMYJIbI:

U -2ree, ' T 2ree
£ 2h—(s—a)[K”/M]’ Co=y ™ 2h—(s—a)[@/M]'
In In
R R

Ecnu BbicoTa moaBeca NpoBoJa HAaMHOrO OOJbIIE €ro pajuyca, TO
CMEILEHHEM DJICKTPUYECKUX OCeld MOXXHO TpeHeOpeub (s—a~(0) U cuuraTh, 4TO
3JIEKTPUUYECKUE OCH INPOBOJAOB COBMAJAIOT C I'€OMETpUUYECKUMHU. B 3ToM ciydae
pacueTHbie (HOpMyIIBI OyAYT UMETh BHU:

U -2rse | _ _ T _ 2mes
27[@”41 Co—U ——lnw[@/f”]-

T

19. 8 ITosie MHOTONIPOBOAHOM JUHUU. MeTO/ 3epKAJIbHBIX 0TOOPAaKEHU I

3amanbl nAJIMHHBIX TPOBOOB, PACIOIO0KEHHBIX MapajuieNIbHO MPOBOISAILIEH
IJIOCKOCTU (Haa 3emiiero). Pamuychl mpoBoaoB R, R,, R;..., BBICOTHI TOJBECOK
h, hy, hy..., MexoceBoe paccrosHue d,,d;,dy, ..., npu srom h>>R, d>>R.
[ToTeHumanbl IPOBOAOB @, P,, @5, ... U3BECTHHI (PUCYHOK262).

Ha ocHoBaHMU BTOPOTro CJIEACTBUS U3 TEOPEMbI €JUHCTBEHHOCTH 3aMEHUM

MPOBOASNIYIO Cpeny (3eMIII0) TUAIIEKTPUKOM ¢ € = &\, a TOBEPXHOCTHBIC 3aPsibl

36MJIK — CHCTEMOM 3€pKaJIbHBIX 3apsAl0B IPOBOJAOB C IPOTHBOMNOJIOKHBIMU
3HakaMu. CMeIleHNEeM JIEKTPUUECKUX Ocel MpeHeOperaeM, Tak Kak MO yCIOBHIO
h>>R.
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S, X

2 D1 > Dﬂ 2hs D?q 2h;

_é'r_%

)

T
Pucynok 262

Pacuer mapaMcTpOB II0JIA B HpOHBBOHLHOﬁ TOYKE 71 MOXKET OBITh BBINOJIHEH
Mo MCTOAY HAJOXKCHHUA, TO CCTb PCIYJIIbTUPYIOIIHUC ITAPAMCTPHI OIS MOTYT OBITH
Haﬁ,Z[GHBI KaK CyYMMbI COOTBCTCTBYIOIIMX COCTaBJIAIOIUX OT HE3aBHUCUMOI'O
I[€I>’ICTBI/IH OCCBLIX 3apsAa0B CaMHUX ITPOBOAOB U UX 3CPKAJIbHBIX 0T06pa}KCHI/II\/'IZ

—_ —_ — —_ _ ! —_ ! — !
E.=Eqn+En+Ens+..Enq +En +E5 +...

an = ¢)nl+ + ¢)112 + ¢)n3 ...t qpnl + ¢n2 +g0n3 +....
HOTCHHI/IaH Ha HOBerHOCTI/I HepBOFO HpOBOI[a:

7,1 -5, .1 7z 1 -7, 1 g 1 -z 1
Q= In—+ In—+ In—+ In—+ In—+ In—+...=
2ng, R 2mg 2h 27§ d, 2ng D, 2ng d; 21§ D,
S hfizh1 2D, B g0 +.. =0T 0T, 0T
ng, R 2mg dy, 2meg d;

AHaJIOTUYHO AJI KaXKa0Tr'o IIpoBOJa:

-

@y = Q3 Ty + Qo T, + Q33T +... | I€PBast  Ipynma dbopmyn Makcseia.

311echr 0003HAYECHBI:

1 2h, 1 2h,

@), = In s Uy = In 5 e — COOCTBEHHBIE
2, R 2re, R,

MOTEHIIUAIbHBIE KOY(PDUITUEHTHI;
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1 D 1 D
_ _ 12 _ _ 13
a, =, = In » O3 =05 = In > ... — B3aUMHbIE
2re, d, 2ne, d

NOTEHIUATbHBIE KOOPPUITUECHTHI.
[Torenuuanbable KOI()PUIMEHTHI ONPEACNAIOTCA Yepe3 TeOMETPHUUECKHE
pa3Mepbl, OHU BCEr/ia MOJOKUTENbHBI, UMEIOT (PU3UUECKYI0 pazMepHOCTh [1/D].
Ecnu 3amanpl noTeHMaibl IpOBOJIOB @, @, , ..., TO UX 3apsaasl 7,75, ...
MOTYT OBITH OINpPEAENIEHbl W3 COBMECTHOI'O PEIIECHUS CUCTEMbI MOTEHIMAIbHBIX
ypaBHEHHH (TIepBoil rpynibl opmys MakcBea):
7, = A A= B0+ Buops + Biaps + -
7, =0, /A= By + oy + oy + ... BTOpAs rpynmna bopmyn
T, = A /A= B0, + Bop, + By + ..

Makcaena.
31ech MPUHATH 0003HAYCHUS:

Bi1> B> Bizsee - cOOCTBEHHBIE €MKOCTHBIE KOX(D(UIMEHTHI, BCEraa
ITOJI0KUTEIIBHBI,

B = PBai> B3 = P31+ - B3anMHBIE €MKOCTHBIE K03(hQHIMEHTHI, BCEraa
OTPHUIIATEIIHHBI.

Ha npakTtuke 6oiiee yao0HO mosib30oBaThes popMynamu MakcBeia TpeThei
IPYIIbI C YACTUYHBIMU EMKOCTSIMU:

7, =U,C,+U,C, +U;C; +..

r, =U,C, +U,C,, +U,,C,; +..

7, =U;C;, +U,,C,, +U;,Cy; +...
31ech 0003HAUEHEI:

Uo=0,—0,,U, =0, —0,, U, =@, — @, ... — naupsoxenus Mexay
COOTBETCTBYIOIIMMU 3JIEMEHTAMH CXEMbI (PUCYHOK263).

TpeThs rpynna ¢popmyn Makcsennia.

|G
||
n,@ /  Gol| 2 JEESRNE R
N |
C‘l‘l C‘?‘? qu
=0
7 7 7
Pucynoxk 263
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YacTuuHbIE €MKOCTH OMPEIESIIOTCS Yepe3 EMKOCTHBIE KOd(DPUIIUEHTHI
BTOPO# rpynibl Gopmyil.

Meron pacdera TMOJIEM MHOTONPOBOJHBIX JIMHWKM, OCHOBAaHHBIM Ha
MPUMEHEHUU BTOPOTO CJEACTBUS U3 TEOPEMbl E€IMHCTBEHHOCTH, IOIYYHII
Ha3BaHME METO/1a 3ePKAIbHBIX OTOOPAKEHUI.

PaccMoTpum mpuMeHEeHHE NaHHOTO METOoJa K pacuery paboueld eMKOCTH
JIBYXIIPOBOJHOM JIMHUHU, PACIHOJIOKEHHOW HaJ TMOBEPXHOCTHIO 3emMiu. Eciu
MPOBOJIa JIMHUU IATAKOTCS OT HE3a3€MJIEHHOTO HMCTOYHMKA, TO MOHO IMPHUHSTH

JJIs1 mepBoro mposoga ¢, =¢, 7, =7, U1 BTOpOro mpoBoaa ¢, =—¢,7, =—T.
Toraa nmonyunm:
¢ =0T a7, = (2 —ap,)T
Py =0y Ty + 0T, = (0 = 0y,)T
Hanpsixenue Mexay mpoBOJaMu:
U=¢ -, =(a, —a, —a, +ay)t=(a, —2a, +ay)r=
T 2h 2h D T 4hh,d*
= Ih=—r+In—2%-2In—)= In ———
27, R, R, d 2me, RR,D
Otkyna ciemyer ¢dopmyna pabodeil €eMKOCTH JIMHWHA C YY€TOM BIIMSTHUS
3eMJIH:

c = 2rme
" In(4hh,d*/R R,D?)
1 2 1 2
Ecnn nmunus pacImoIoKE€Ha JOCTATOYHO BBICOKO HaJ ITOBEPXHOCTHIO 3CMIIA

(h>>d), To D~2h v ypaBHeHHE I paboueil eMKOCTH MPEBpaIlacTCsi B ypaBHEHUE
2rg,

0~ Ind/R’

yucTa BIIMAHUA 3CMIIN.

[D/™M].

KOTOpoe ObUIO MOJYy4eHO paHee JUisl JBYXMPOBOAHOW JIUHUM O€3

19.9 DaexkTpuueckoe noJie Tpexga3Hoil JMHUM JJIEKTPonepeaayn

['eomeTpuueckne  pa3Mepsl B TIONEPEYHOM  CEYCHHUU  JIUHUH
3JIEKTpoTIepeaaur HECPABHUMO MaJIbI TI0 CPABHEHHIO C ITTMHON 3JIEKTPOMArHUTHOM
BosIHBI Ha yactore 50 I'm (A,, = 6000xm ). ITo 3TOM NpUYNHE BOJHOBBIE IIPOLECCHI

B IONEPEYHOM CEUECHHM JIMHUU MOTYT HE YUYWTHIBATHCS, a IOJYUYEHHBIE paHee
COOTHOIIEHUS I MHOTOMPOBOJHON JIMHUU B CTATUYECKOM DPEKHUME C OOJBIION
CTENEHbIO TOYHOCTU MOTYT OBITh TPUMEHEHbl K pacyery IoJid JIMHUN
AJIEKTpoIiepead MEePeMEHHOro TOKa Ha MpOMbIIUIEHHOW dvactore f = 50 I'm.
W3menstomyecs Mo CUHYCOMAAIbHOMY 3aKOHY MOTeHIMaibl mpoBojoB JIDII mo
OTHOLIEHUIO K TMapamMeTpaM TOJii MOXHO CYHTAaTh KBA3UCTATUYECKUMU WIIU
MEJUICHHO M3MEHSIOIIMMCS, U pacueT MapaMeTpoB MOJIS AJisi KaXJI0ro MOMEHTa
BPEMEHH  MOXHO  BBINIOJHATH 1O  TOJYYEHHBIM  paHee  ypaBHEHUSIM
AIIEKTPOCTATUKH.
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[Ipy cuHycOMAQIbHOM 3aKOHE W3MEHEHUsS TMOTEHIHUAIOB U 3apsjoB
poBo10B (hopMyJibl MakcBesia MOXHO 3aMucaTh B KOMILIEKCHOU (opme:

o

r 0
— — J
P =AU T ATy + Ay T =U, e

_ _ - j120°
P, =Ty + 0T+ 0T =U,,e

_ _ j120°
P =T+t Op Ty + T =U,,e"

\

[ToTenmmansl mpoBoaoB JIDII paBHBI COOTBETCTBYIOIUM (pa3HBIM HaMpsKe-
HUSIM U OTIPEIEISIOTCS T€HEPATOPOM.

st tpexdazubix JIDIT npuMeHstoTcs pa3inyHble BapUaHThI PACION0KEHUS
IpoBOJIOB B MpocTpaHcTBe. Ha pucynke 264 mnpuBeieHbl JBa U3 HUX: a) IO
BEpIIMHAM  pPABHOCTOPOHHETO TPEyrojibHUWKa, ©O) B OJHOM  MJIOCKOCTH,
napajuieibHOM MOBEPXHOCTU 3eMJu. B mepBoM BapuaHTe paBHBI PacCCTOSHUS

mesxay nposofamu (d ,; =dz- =d., =d ), Ho He paBHBI UX BBICOTHI HAJ 3eMIIEH (

h, # hy # h). Bo BropoMm BapHaHTe He pPaBHBI PACCTOSHUS MEXKLY IIPOBOIAMH (

d,; #dp. #dc,), HO paBHBI MX BbICOTHI Haj 3emneil (A, =h; =h.). Takum

oOpa3zoM, B BO3aymHbIX Tpexdaszubix JIDII He MOXeT ObITh TOCTUTHYTa MOJHAs
CUMMETpHUsI TPOBOJOB B TmpocTpaHcTBe. [loTeHImanbHbie KOADPUIIMEHTHI

A 45,0 4p 5., KOTOPBIE OMPENETSAIOTCS YEPE3 FEOMETPUUECKUE PACCTOSIHUS, OyIyT

HECUMMETPUYHBIMU B (dopmysnax mnepBoid rpymmsl Gopmyn Makcsemia.
HecuMmMeTpus noTeHIUaIbHbIX KOA(DPUIIMEHTOB BbI30BET HECUMMETPHIO 3apsiioB

npoBoAOBZ 4, T, T W COOTBETCTBYIOIIYI0 HECHUMMETPHUIO 3apsAHBIX TOKOB
mannn L Lg, [c B pexume xonoctoro xona. [lomHas cuMMeTpusi MpPOBOJIOB B

MMPOCTPAHCTBC JOCTUTACTCSA TOJIBKO B KaOCJIbHBIX JTUHHSIX.

d d d
ha he h- h h h
I i Fd Fd
a) 6)

Pucynoxk 264
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Jlnst ycTpaHeHus: HEeCUMMETPHUH (a3 BO3MYIIHBIX JIMHUNA SJICKTPOIECpEIadn
yepe3 paBHbIC paccTosiHMS (0ObIYHO uepe3 1/3 IIuMHBI) TMPOU3BOISAT KPYTOBYIO
NIEPECTAaHOBKY WJIM TPAHCIO3UIMIO TMPOBOJIOB (pUCYHOK265). Ilpm Hammuun
TPAHCIIO3UIIMK  yYCPEJHEHHBIE 3HAYEHUS TapaMeTpOB JIMHUU  MOJIydYaloTCs
OJIMHAKOBBIMH JJIs BceX (a3, MpH TOM HECHMMETPHS MEXKIY HadyaloM U KOHIIOM
JIMHAH YCTPAHSIETCSI.

A =

Pucynok 265

Cpennue 3HayeHUs1 OTEHIMAIOB KOA(PPUIIMEHTOB 1JIs1 TPAHCIIOHUPOBAHHOMN
JMHUU:

1 1 2h 2h 2h
a - =—(a,, v+ +a..)= In=—+Ih=—2+In="—%)=
cob 3( AA BB CC) 3'27[80( R R )
_ 1n23“hA.hB.hC _ ln%
27, R 2re, R
am:l(aABnLchJraCA): ! (In DAB+lnDBC +lnD#):
3 3-27¢, d ;s 7 d.,
_ 1 \/DAB "D e 'DCA _ 1 1n2
272'80 \/dAB. -d g, 2re, d

rne h=3/h,-h;-h. ; D Dye-Dyy; d=3d, 5 dpcdey— cpenmereomerpuue-

CKH€ 3HAYECHMS PACCTOSHUM.
[ToTenmanbHOEe ypaBHeHUE Mg MpoBoaa (a3el 4 TpaHCHOHHUPOBAHHOM

JIMHUU ITOJIYYHUT BUI:

j120°

—j120° _
TapT 40 =

Ui=@ , =0T 0Ty + 0T = Qg Ty + 0T

cob cob

—j120° n eleOO

- [05(;05 +(e )5 ]'ZA = (Ao —Ap3)T 4

W3 monyueHHOT0 BBIpaXeHus cienyer Gopmyna it yaenabHol emkoctu (assr JIDI Ha

3EMIJIIO:
YR S 1 _ 27,
0 —a 1 2h 1 D 2hd [®/M].
63 In— In— In——

2re, R 27zeo d

Ecnu nnyuHa nuHWM paBHA /, TO SKBHBAJICHTHAS €MKOCTh (Da3bl Ha 3eMITIO CO-
craBuT Cy=Cy/, a Tok X050cTOr0 X01a MMHUU Oyner paseH Iy = Uy/X~=UyoC.

HccnenyeMm, kak OyAeT M3MEHSITHCS HAMPSKEHHOCTH AJICKTPUUECKOTO TIOJIS
B TIPOM3BOJIBHOW TOYKE 7 B IONEPEYHOM CEYCHUH JIMHUU (pUCYHOK 266a) B
WHTEPBaJIC BPEMECHH OJTHOTO TICPHO/IA.
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A.\"--J;ﬂ J’H :l:',-' rlﬁ . = -:1,"'

a) 6)

Pucynoxk 266

Pe3ynpTUpyromuii BeKTOp HampsbkeHHocT — nonss £,  Oymer pasen

re€OMETPUYECKON CyMMeE OTJEINBHBIX COCTABIISIONINX
Eiv=Eu+Ewn+Ewc+Ewu+Ewm+E ..

PacueTrsl moka3pIBalOT, UTO B MHTEPBAJIC BPEMEHH OJHOTO IMEPHOJIa BEKTOP
E Oy/eT U3MEHAThCS 110 MOJYJIIO M 110 HATIPABJIEHMIO M 33 OJMH MEPUOJ OIHIIET
AJUTANICOBUHYIO GUTYpY (pUCYHOK2660). Takum o0pa3zoM, 2JIEKTPUUYECKOE T0JIE B
nornepeyHoM cedennu JIOII sBisieTrcs BpamarOmuUMcs, HO HE KPYTOBBIM,
UIANTHYCCKUM TI0 opme. MakcuMmalibHOE 3HaYeHHE 3TOro Bektopa £, coot-

BEeTCTByeT Ooibiiold moiyocu »iumnca. Ha pucynke 267 mnpencrabiieHa
rpaduueckasguarpamma £ = f(x) mpu y= Im = const mua JIDII ¢
pacIONOKEHUEM MPOBOAOB B IUIOCKOCTH, MApaUIEIbHOW IMOBEPXHOCTU 3EMIIM.
AHanu3 JuarpamMmbl MOKa3bIBAa€T, UYTO AOCOIIOTHBIM MaKCUMyM 3TOH (yHKUUU
MMEET MECTO C BHEIIHEH CTOPOHBI kpaitHux mpoBoaoB JIDII, a mox cpenueit ¢asoi

HAIIPAKCHHOCTD I10JIAI MCHBIIIC, YCM I10[ KpaﬁHHMH (I)a?)aMI/I.
Emnv

Emaw'ahﬂ

Pucynoxk 267
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mmarpamma £, = f(x) mpu y= Im = const mua JIDIl ¢ pacnonoxkeHHEM

MIPOBOJOB B IJIOCKOCTH, MApaJUIEIbHON MOBEPXHOCTH 3€MJIN. AHAN3 AHArpaMMBbI
MOKAa3bIBAET, UTO A0COIIOTHBIA MAKCUMYM 3TON (DYHKIIMM UMEET MECTO C BHEIIIHEN
CTOpOHBI KpaiiHux mpoBojaoB JIDII, a mox cpeaneit ¢da3oil HaANPSHKEHHOCTH MOJIS
MEHbIIIE, YeM IOJ] KpailHuMu (azamu.

20 DyekTpHYeCcKoOe MoJie MOCTOTHHOTO TOKA

20.1 3aKoHBI JIEKTPUYECKOI0 MOJISI B HHTErPaJabHOM U
auppepenunanbHoi popmax

[Tog »nEKTpUYECKMM TOKOM MPOBOAUMOCTHA [ TOHHMMAETCS JBHXKEHUE
CBOOOIHBIX 3aps/I0OB B MPOBOJIAIICH CpPejie ¥ TMOJ ACUCTBUEM CUJT SJICKTPUUECKOTO

noysi £ . Tok npoBOAMMOCTH B Ka)KJI0OM TOUKE CPEbl XapaKTepU3yeTCsi BEKTOPOM
MJIOTHOCTH:

HampaBnenne BekTopa O COBMAMAaeT C HANPABICHUEM MOJIOKHUTEIBHbIX
3apsa0oB. TOK, MPOTEKAONMMA Yepe3 MPOU3BOJIBHYIO IUIOMIANKY S, CBSI3aH C
BEKTOPOM O ypaBHeHHeM:i:I5 +ds

s

BeigenuM  MBICIIEHHO B MPOBOJALIECH CpeAe, TAE€ MPOTEKAET TOK,
AJIEMEHTAPHBIA UJIUHJP JUTMHON dl ¢ OCHOBaHUEM ds TakK, 4TOOBI BEKTOP S5 ObLI
HaIlpaBJICH BAOJb OCH IUIKHIpa (PUCYHOK268).

Pucynox 268
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ToK, MpOTEKAXOIIUI BIOIb HUIUHIPA!

di=[5-ds=5-ds.

Hanpsxkenne Mexay KOHUAMU LUJIAHAPA:
du=[Edl=E-dl,

rae E — BEKTOpP HANPSIKEHHOCTH JIEKTPUUECKOIO MOJIs, IO ACHCTBUEM KOTOPOTO
BO3HHMKAET TOK.
ConpoTHuBIECHNUE TUIUHIPA, KAK TPOBOJHHUKA!
ko pdl_ L dl
ds y ds’
IJie Y — yAeJIbHasl TPOBOAUMOCTD cpejibl [CM/M].
ConpoTtuBieHne HWINHAPA MO0 3aKoHy OMma:
du_ E dl

dl 5 ds
[IpupaBHHBas npaBble YaCTH PABEHCTB, MOJIYYUM:

dR =

o=yE —ypaBHeHHe 3akoHa Oma B quddepeHIHaAILHON

Mo1HOCTS, BbIIEISIEMas B HWJIMHAPE N0 3aKOHY JlxOoyiis:

2
dP = (di)* -dR = 5°ds’ ZS=§76[V OTKy/a
2
Z]P o = yE’ [Br/m’]— YpaBHEHHE 3akoHa  JDKoyms B
"

muddepeHunanbHoi HopmMe,KOTOPOE XapaKTepu3yeT MHTEHCUBHOCTH BbIJIEJICHUS
HHEPTrUU BOKPYT pacCCMaTPUBAEMOMN TOUYKH.
Ecnu BHYTPH LHIMHIpA OKAXYTCA MCTOYHMKH DHEPIHH, CO3JAIOLINE

AOIOJHHUTCIIbHYIO COCT&BJ’I?HOHIYIO HaANPsAKCHHOCTU T10JIA E cm (HaHpH)KeHHOCTb

MOJIsl CTOPOHHUX CHJT), TO E = E+ Ecn v 3ak0H OMa B muddepennranbHo hopme
TIOJTYYUT BUL:

O=y(E+Ecm).
Kak u3BecTHO, BbIpaskeHue mepBoro 3akoHa Kupxroda B HHTErpaibHOM

dbopMe umeeT BUL:
di=i +i,+..=0,

Bripa3um KaxapIii U3 TOKOB i,,i,,... Yepe3 BEKTOP IUIOTHOCTH TOKA O :

Si=[5ds+ [5ds+.=§5ds =0
S

[Tpeobpa3yem momydeHHOE YypaBHeHHE 10 Teopeme OcTporpaackoro-
["aycca:
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lim M

— divo .
. , CJIEZIOBATEIIBHO:

divo =0 — ypaBrenue nepsoro 3akoHa Kupxroda B nuddepeHnnansHoi Gopme.
3 5TOTO ypaBHEHHMS CIIeyeT BEIBOJ, UTO JHHHWH BEKTOPA & HEMPEPHIBHBI U 3aMK-
HYTHI.
WuTerpanbHas ¢opma ypaBHeHUs1 2-ro 3akoHa Kupxroda ans koHTypa, He
cozaepkaiero uctounukoB IJC, umeeT BUI;

Zu =u, +u,+..=0,
BbIpasuM Kax10e U3 HANPSOKCHUH dYepe3 BEKTOP HaIpsuKeHHOCTH monst

2= J E-dl+ ;[E dl+...= ffE dl =0y npeobpasyeM momyueHHOE YPaBHEHUE 11O
E-di _

dim—=vrot E=0
Teopeme Crokca: 1ML As n :

[locnennee ypaBHEHHE CIIPaBEUIMBO JJIsl JIOOOr0 HampaBieHUs, CIlelI0Ba-
TEJIBHO:

rotE =0 — ypaBHeHHe BTOporo 3akoHa Kupxroda B muddepeHmuansHOM
dbopwme.

N3 »sroro ypaBHEHHs CIEAyeT BBIBOA, YTO JIIEKTPUYECKOE II0JIe
MIOCTOSIHHOTO TOKa 0€3BUXpEBOE, MOTEHIIMATIBHOE U B KAXKIOW TOYKE MOXKET OBITH
OTMCaHO NOTEHIMATILHON (PYHKIIMEH COTTIAaCHO YPAaBHEHUIO:

E=-grado
[Tpeobpaszyem ypaBHeHue nepBoro 3akoHa Kupxroda:
divs = a’iv;/E =div(-ygradp)=—y-div-gradp =0, orkyma cuexnyer:
divgradgp =0 wm V'@ =0- ypaBuenue Jlamnaca s 3JIEKTPUYECKOrO IOJIS

MOCTOSTHHOT'O TOKA.

Ha rpanune pasnmena qByx cpell ¢ pa3iHMYHBIMU MPOBOJAUMOCTAMH y, U 7,
BBIICTTUM TOYKY M OKPYXHM €€ d3JIEMEHTApHOW NpPHU3MOW, Y KOTOPOH BBICOTA
OECKOHEYHO Majla 10 CpPaBHEHUIO C JIMHEHHBIMH pa3MepaMd OCHOBAaHUU
(pucyHok269a).

£y

As /’51 ! ; /

AL

; &/  As, ; /
al 6)
Pucynok 269
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[Tpumensist nepBsIii 3akoH Kupxroda, moxydnm:

§5ds = j&l ds + Iéz ds = 6,As, cosa, —0,As, cosa, =0
S S,

Sy

Otkyna ciemyer, 4To 51,1 = 51 cosao, = 52;1 = 52 COSX, — na rpanuie
pa3dena ABYX Cpeld C pa3IUYHBIMH MPOBOJUMOCTSMH PaBHBl HOPMAaJbHBIC
COCTABIISIIONIIIE BEKTOPA IUTOTHOCTH TOKA & .

OKpyX UM TOYKY D3JIEMEHTAPHBIM MPSMOYTOJIbHUKOM (PUCYHOK2690), y
KOTOPOTO BBICOTa OECKOHEYHO Maja Mo CpaBHEHUIO ¢ JIMHOU. [Ipumensist BTopoii
3akoH Kupxroda x KOHTYpy OpSAMOYTOJbHUKA, TOTYyUUM:

§Edl=[E dl+[E,dl=E Al sina —E,lsna, =0
b

h

Otkyga cineayer, uro E, =FE sina, =FE, =FE,sina,— Ha TrpaHule
paszmena JBYX Cpel C pa3IMYHbBIMH INPOBOJAUMOCTSMH Y, H ), PaBHBI
TaHIEHLUAIILHBIE COCTABIIAIONIME BEKTOPA HAIIPSHKEHHOCTH 1moiist E .

PasfennM MOYIEHHO JIEBbIE M IPaBble YAaCTH IOJYYEHHBIX YPaBHEHHU H
yutem, uto &, =y, E, u 0, =¥, FE,, B utore nomyuum:

ga, 7,
ga, v,
— YCJIOBHE TIPEIIOMJIEHHS JIMHUM IIOJI1 HA TPaHMIE pasjela JBYX Cpel C

Pa3INYHbIMU ITPOBOAUMOCTAMU 7/1 npy,.

20.2 MeToabl pacyeTa 3JIeKTPHYECKHUX 1M0JIeil MOCTOAHHOTO TOKA

DNEeKTpUUecKoe I0Jieé IOCTOSHHOTO TOKa, € OJHOM CTOpPOHBI, H
IIEKTPOCTATUYECKOE TI0JIE BHE JJIEKTPUYECKHUX 3apsanoB (po,=0), ¢ apyrou
CTOpPOHBI, ONMCHIBAIOTCA OJMHAKOBBIMM IO CTPYKType MaTeMaTHYECKUMHU
ypaBHEHUAMH. JJI1 CpaBHEHUS CBEJIEM 3TH YPAaBHEHUS B OOLIYIO TaOJIULLy.

DAEKTPUUECKOE TI0JIC IIOCTOSTHHOTO DAEKTPOCTATUUECKOE MOJIC MPU OTCYT-
TOKa CTBUH 3apsa0B (0,;=0)

5= 7/E D=¢cg E

divé =0 divD=p, =0

rotE =0 rotE =0

Vip=0 Vp=0

ge, _ N goy _ &

ga, 7, ga, &
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Kak crnemyer w3 mpuBeAeHHOW TaOIMIBI 00a TMOJS OMHCHIBAIOTCS
OJIMHAKOBBIMH TIO CTPYKTYpE YypPaBHEHUSMHU M K HHUM TNPUMEHUM TPUHIIHII
JBOMCTBEHHOCTH. TakuM o00pa3oM 1 pacdera DJIEKTPHUECKHX  IOJIeH
MIOCTOSTHHOTO TOKa MOKHO TPUMEHSThH TE JK€ pacueTHbIE METOJbI, KOTOpbIe ObLIH
MOJy4eHbl ~ paHee  JUIsl  OJEKTPOCTATHUECKMX  TOJEeH, TMpH  YCJIOBUHU
COOTBETCTBYIOIIUX 3aMEH B pacyeTHbIX (opmynax (PHU3UYIECKHX BEIUYHH H

koo duimento: D —> 0,86, >y, q >i,C—>G. C gapyroit CTOpOHBI, s
SKCIIEPUMEHTAIBLHOTO UCCIEA0BAHUS CIOKHBIX MO KOH(HUIYpalUH 3JIEKTPOCTa-
TUYECKUX TI0JIeH TIPUMEHsETCA UX (PU3MIECKOE MOJIETUPOBAHHIE C TIOMOMILIO HIIEK-
TPUUYECKMX MOJIEH TIOCTOSHHOTO TOKA.

B 2J1eKTpOCTaTHKE OYeHb BaXKHOE 3HAUEHHE MMEET TEOPETUUECKOE TIOHATHE
TOYeuHOro 3apsaaa g. [lo aHanoruy BBeJeM MOHATHE TOUEYHOTO TOKA i, KOTOPBI
pacTekaeTcs B NPOBOJAIIEH cpele M3 OJHOM TOUKHM, IPU 3TOM B ITOH TOYKe

IJIOTHOCTH TOKA O = o0 .

PaCCMOTpI/IM HCCKOJIBKO IIPUMCPOB paACUCTa IJICKTPHUICCKHUX MOJIEH MOCTOSIH-
HOI'O TOKa.

Ipumepl. 3azemuurens mapoBoil Gopmbl ¢ paamycoM R HAaXOIWUTCA Ha
oonpmont riyoune A(h>>R). K 3azemuurtento moABeAeHO HampspkeHue U
(pucynok270).

Pucynoxk 270

3aMEHUM CyMMAapHbIA TOK, CTEKAIOIINN C IIOBEPXHOCTH 3a3€MIIMTEIIS TOYEY-
HbIM TOKOM [, KOTOPBIA pacTeKaeTcs W3 LeHTpa 3azemuutend. [Ipumenum
pacueTHble (HOPMYJIBI U3 TEOPUU AIEKTPOCTATUYECKOTO IMOJISI TOUEYHOTO 3apsja,

samenus D = 0,6, > 7, q > 1,C > G
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I - I
7, ¢:—jEdr:W+C, ecIu

l:§5dS:47Z7"2§:47Z7"27/E, OTKyI[a E: 5

< A
npuHATh @, =0, TO nmocTtossHHas uHTerpupoBanus C=0.

[ToreHnan Ha MOBEPXHOCTH 3a3eMJIUTENA IIPH 7= R:

1

(R)=U =
v 4R
OTKyJa notyyaeM (opMyJIbl JUIs COIPOTUBIIECHHS 3a3€MIIUTENS U €r0 TOKA!
U 1 U
Ri=—=——, i=—=U-47R .
i 4mR R,

IIpumep 2. 3a3zemunrens B BUJE 1Iapa PacloyIOKEH HA CPABHUTEIBHO He-
00JBIII0M TITyOMHE /4, COM3MEpPUMOii ¢ ero paguycoM R(pucyHok271).

Pucynok271

[TpuMeHMM K PELIEHUIO 3314l METOJ] 3€pKaIbHBIX OTOOpaKeHUN. 3aMEHUM
B BEPXHEM MOIYIUIOCKOCTH AMDJIEKTPUK & MPOBOASIIECH CpPElod Y U 3epKajbHO
pacmojoKUM TaM TakKOM JKe 3a3eMJIMTENb TOW JK€ MOJIAPHOCTH, IPHU 3TOM
IPAaHUYHBIE YCJIOBUS Ha MOBEPXHOCTH 3€MJIM HE M3MEHATCS (JIMHUU BEKTOpa E
HaIpaBJICHBI 110 KAacaTeIbHON BJOJb [TOBEPXHOCTH). 3aMEHUM TOKH, CTEKAIOIIUE C
HOBEPXHOCTEN 000MX 3a3€MIIMTENEH, PABHBIMU 10 BEIMYMHE TOUEUHBIMU TOKAMH,
PACTEKAIOIMIMMHUCS U3 JIEKTPHUYECKUX LEHTPOB 1 M 2, KOTOpble OyAYyT CMELIEHBI
OTHOCHUTEIIbHO TE€OMETPUYECKUX IIEHTPOB TaK, YTOOBI COXPAHHWIUCH MPEKHUMHU
IPAaHUYHBIE YCJIOBUS HA NOBEPXHOCTH IIAPOB (MOBEPXHOCTH JOJIKHBI OCTaThCA
SKBUINOTEHIHAIBHBIMU C NoTeHIuanoM ¢=U). Ilociie onpeneneHus MonoxeHus
IIEKTPUYECKUX LEHTPOB pacyeT MNapaMeTpoB MOJsS B IPOU3BOJIBHOW TOYKE n
IPOU3BOAMUTCS MO METOAY HAJIOKEHHUS:

En :Enl +En2 =
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i

= + e +
q’n qonl ¢7n2 ‘17Z741 ‘17T77& .

[Tpu cooTHOMIeHNU />>R MOTEHIIMAT Ha MOBEPXHOCTH 3a3eMJIMTENS OyaeT
paBeH:
I i i 1 1
+ = (—+—
4myR  4ny2h  4my R 2h
JUTSL ONIPEJICIICHUST COTIPOTHBIICHUS 3a3EMIIUTEIIS:

p_U_ L 1,1
i 4ny R 2h

IIpumep 3. Omnpenenuts 1maroBoe HampsbkeHue U, Ha 3aJaHHOM

p=U=¢ +¢, = ), oTkyma cieayer Qopmya

paccTOSsHUM X OT LEHTpa Omopbl BBICOKOBONbTHOW JIDII mpu KopoTKOM
3aMbIKaHUH OJIHOU U3 (a3 JIMHUU Ha onopy (PUCYHOK272).

Pucynoxk 272

Jliia ynpoiieHus pacueToB OyleM CUUTATh, YTO 3a3€MJIUTENb OMOPbI UMEET
(¢opMy mnoaymapus ¢ paguycoM R. 3aMEHMM JMAJIEKTPUK B BEPXHEM 4acTu IMpo-
CTPAaHCTBAa NPOBOASIIEH CpeNoW 7y, a 3a3eMJIUTENb JOINOJHUM 3€pKajbHbIM
oroOpaxeHnem 10 monHoro mapa. Ilocme Takux mnpeoOpazoBaHUil pelIeHHe
3aJ]a4M CBOAMTCS K pacyeTy IMoJisl IapOBOTo 3a3eMIINTeN I1. 1 .:

I U,R X < U,R 1]
I,=U,-4mR; E(r):4ﬂ73/r2: e UWZIEdr:I 5 dr=U,R (;_Hd,
x+d x+d

rae U, — dasnoe Hanpsoxenue JIOII, R — paauyc 3a3eMIIUTENS OIOPBI.

IIpumep 4. Tpebyercs paccunuTaTh SJIEKTPUUECKOE MOJIE€ BEPTUKATIHLHOTO LU~
JUHAPUYECKOTO 3a3eMIIUTENS AuaMeTpoM D u ninuHoi 4. K 3a3emiurento
noABe/IcHo Harnpsbkenne U(pucyHok273).

3aMEeHUM JIUAJIEKTPUK B BEPXHEW 4aCTH MPOCTPAHCTBA MPOBOAALICH cpeaon
Y, @ 3a3€MJIUTENb JOMOJIHUM €ro 3€pKajibHbIM 0TOOpakeHneM. byieM cuurtath, 4To
DIIEKTPUYECKUII TOK CTEKAaeT C OCH 3a3eMiuTeNs, rae = f(y)— JHUHEWHas

IJIOTHOCTh TOKa cTekanus [A/M]. Bux GyHkImm 7= f(y) NOMKEH YIOBIECTBOPSATH
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TPAaHUYHBIM YCJIOBUSIM, a WMEHHO, TOBEPXHOCTh 3a3€MJIUTENSl JIOJDKHA OBITH
AKBUITOTCHUUAIBHOU ¢ MOTEHIMAIOM @=U. PacueTsl 1OKa3bpIBAOT, YTO JIMHEWHAS
IUDIOTHOCTh TOKa T IO KOHIIAM 3a3eMJINTEJIS 3HAYUTEIBbHO OOJIbIIIE, YEM B €ro
cepenune. Torna di=wdl->neMeHT TOKa.

[Tapamerppl  MmOJISI  MOJYYarOTCA B PE3yJbTaT€  MHTETPUPOBAHUSA
COOTBETCTBYIOIIUX ypaBHeHHﬁ I10 BCEW JIJIMHE 3a3€MIIMTEIIS:

wl — ¢ ol
E= 'f =75 (0_:[14%74”'

Pacuets! noseit cnoxxHoit KOH(I)HrypauHH BBITOJIHSIOTCS KaK MPaBUIO Ha
OBM MeTo/10M YHCICHHOTO UHTETPUPOBAHUS COOTBETCTBYIOIIUX
nuddepeHInaTbHBIX YpaBHEHHI.

dh[].
X
¥
Pucynox 273

21 MarauTHoe 1moJie MoCTOAHHBIX TOKOB

21.1YpaBHeHMsI MATHUTHOI'O 1OJISI B UHTEIPAJILHOM U
g pepeHunaabHOu popmax

MarsHuTHoe 1oJje XapakTepu3yeTcsl AByMsI BEKTOPHBIMH BEJIMUUHAMH:

H— BEKTOp HANIPSHKEHHOCTH MATHUTHOTO OIS, CO3AETCS AIEKTPUIECKIMH
TOKaMH, SIBJISIETCS MEPBONPUUUHON MarHuTHOTO noyst [A/m];

B — BekTOp MHAYKUMM MarHUTHOTO MOJS WM IUIOTHOCTh MAarHUTHBIX
cuoBbIX Jiunauii [Ti].

Me:xny BeKTOpaMu B uH CYIIECTBYET CBA3b:

B= ﬂﬂoH
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- -6

rne ty =4m107 = 1,257- 10° [TH/M]— MarauTHas MPOHUIIAEMOCTb IyCTOTHI, Li—
OTHOCHUTEJIbHAsl MarHUTHAsI IPOHUL[AEMOCTb.

W3BectHbiil u3 Kypca ¢usuku 3akoH buo-Capapa-Jlamnaca yctranaBiuBaer

CBSI3b MEXKIY DJEMCHTAPHBIM BEKTOPOM MArHMTHOW WHAYKIMKH dB B

IPOM3BOJILHOW TOYKE MPOCTPAHCTBA U AJIeMEHTOM Toka di = [ - dl (pucynok 274):

dB ILIO
4r  r? 4

I|dl- I’o E:’UOI:JA[E.;O],

2
r

l

Pucynoxk 274

Ha ocnHoBe 3akoHa BHo-CaBapa-HaHnaca BBIIIOJIHACTCA PaCuUCT MArHUTHOT'O

MOJISL CJIO’KHBIX CHUCTEM MPOBOJAHUKOB C TOKaMHU.
3akoH Amriepa omnpeenseT CHIy B3aUMOJEHCTBHS MAarHUTHOTO MOJISL Ha

9JICMCHT IIPOBOAHHUKA C TOKOM:

dF =1]dl - B|

dl-B|

OTKyOa CJICAy€CT, 4TO CUJia, I[GI/ICTB)LIOH_I f[ﬂa H_p BOJHHK , paBHa

Ha npssmonuHENHbI NMPOBOJHUK C TOKOM / B PaBHOMEPHOM MAarHUTHOM
noje JeucTryer cuna F = Bll sin(BAl ), HAIPaBJICHUE KOTOPOU ONPEIEIISIETCS T10

paBUITy JEBOM PYKHU.
1 —ii 3akon Kupxroda ass MarHuTHOM 1[Ny, BIPAKAIOIINA HEMPEPHIBHOCTD

MAarHUTHBIX CUJIOBBIX JIMHUM TOJIS,, UMEET BUJIL:
2 7B T —MHTETpasibHas (opMa ypaBHEHUSHETIPE-
S o= [B-ds=§B-ds=0 p (opwma ypasHeHHAHEP
PBIBHOCTH MAarHUTHBIX JTMHUU.
[Ipeo6pasyem 3T0 ypaBHeHue no teopeme Octporpaackoro-I'aycca:
§ B -ds
— nuddepeniuanbaas popma ypaBHEHUS
: N N &) _ o
lim,, A—V =divB=0 HENPEPBIBHOCTH MAarHUTHBIX JIMHUM.

3aKOH IOJIHOTO TOKa JJIs1 MaroHuTHOI'O I10JI1 UMECT BU .
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§H dl :Zi:imm— UHTErpaibHas QopMa 3aKoHa TOJIHOTO  TOKa.
N

[IpeoOpa3yem neByl0 4acTh dTOro ypaBHeHusa 1o Teopeme Crokca:
§H -dl . .
i di

/ =

—— : nou S
=rotH | a B mpaBoii uwacty momyamm: 11Myg 50 =0n,
, p y4 AS  dS

n

lim s

CnenoBaTesbHO:

rotH =06 — muddepennnansaas popma 3aKOHA TTOIHOTO TOKA.
['pannyHBIe yCIOBHS B MAarHUTHOM II0JIC HA TPAHMIIE pa3/ieia IBYX CPel C
pPa3IMYHBIMK ~ MAarHATHBIMH  NPOHUIAEMOCTSIMH L W [  BBIPAKAIOTCS
yYpaBHEHUSIMH:

B, =B, cosa, =B, =B, cosa,
H,=H sina =H, =H,sina,
B _ M
go,  p,

& Do/ 25, | | & Es /

Pucynoxk 275

Ha FpaHHIIe paS,Z[eJIa ABYX Cpeﬂ PaBHBI HOpMaJIBHBIe COCTABJIAOIIINC
BeKTOpa Bu TAHT'CHIIUAJIBHBIC COCTABJIAROIIIUC BGKTOpa H.
MarautHoe mojJjiec HECET B Ce6e OHCPIruro, MmIOTHOCTDb KOTOpOﬁ OIIpCaAciIA-
eTCs YpPaBHEHUEM:
_dWm_Eﬁ_,u,uo_ B’ 3
R R N Y L

21.2BeKTOpHbIi NOTEHINAJ MATHUTHOTO TOJISI

[Tycte TpeOyeTcst paccuMTaTh MarHMTHOE TIOJI€ B OJHOPOJIHOM cpene
(1=const) , B KOTOpPOH NPOTEKAET SJIEKTPUUYECKUHA TOK, IUIOTHOCTH KOTOPOTO
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3ajJlaHa B BHJIE HEKOTOPOM (yHKIMH KoopawHaT O(X,y,z). Jlus onpemeiaeHus

BEKTOpOB 1oyt B(x,y,z) u H(x,y,z) HE0OOXOIUMO PENINTH CHCTEMY YPaBHEHHIA:

divB =0 (1)
rotH = 6 (2)
B= ,U/UOH 3)

BBGI[GM HOBYIO BCKTOPHYIO BCIIMYNHY A , IIO3BOJIAOIYIO UCKIIFOYUTH M3

CHCTEMbI YpaBHEHUH HeM3BeCTHbIE B U H W moay4uTh oaHO auddepeHnnanbHoe
ypaBHEHHUE, PEIICHHE KOTOPOTO M3BECTHO B MaTEMAaTHKE.

Tlycts BeKTOp A, NONYyYMBIIMHA HA3BaHHE BEKTOPA MOTCHIMATA MATHUT-
HOT'O TI0JIs1, YIOBJIETBOPSIET YCIIOBHIO: B = rot 4

Tax xak divrot nrO00TO BEKTOpa TOXKISCTBEHHO paBHA HYJO, TO
ypasaenue (1) BbimonHseTcs ToxaecTBenHo: divB = divrot4 =0

_ B 1 _ _
U3 yparenus (2) cnenyer: "otH =rot— = rot4=29
Hily M,

N3 xypca MmaTeMaTUKu U3BECTHO, YTO rotrot A = graddivA —V* 4 = ML, O .

B momy4eHHOM ypaBHEHMH MOMKHO HpPHHATH divA=0, He Hapymas
paBeHCTBa B=rotA. Torma MOJIYYUM :
V? A——,u,u05— ypaBHeHue IlyaccoHa i BEKTOPHOIO NOTEHLMAlA

MarHUTHOTO TOJIS JUIsl 00acTel cpelibl, Iae MPOTEKalT TOKK MPoBoaUMOCTH. Jliis
obnacreil cpenpl, rae TOKM INPOBOJUMOCTH OTCYTCTBYIOT, ypaBHeHue Ilyaccona

2
npespamaercs B ypasuenue Jlammaca V™A =0. Kaxnoe M3 3TUX BEKTOPHBIX
ypaBHEHUH B JIEKApPTOBOM CHUCTEME KOOPAMHAT PACIaJAETCsl HA TPU CKAJSPHBIX B
HaIpaBJICHUU KOOPJUHATHBIX OCEH:

VA =-uu,5 VA =0
VAL =—pp,6,V? A, =0
VA =—pu,5.V*4, =0

Pemenwnst ypaBHenwuit [lyaccoHa ayiss BEKTOPHOTO MOTEHIMANa A HWMEIOT
BU/ (6€3 BBIBOMIA):

A:Wojgdv, 4, ,U,Uoj'_d A ,U,UoJ‘_d
v 14

X 2
47Z'V

A=id, + 74, +k4, =240 [2g,

Ecan PCIICHUC OJIA BCKTOPHOI'O IIOTCHHMAJIA A HaﬁﬂeHO, TO Apyruc
HCU3BCCTHBIC BCJIIMYNHDBI BBIPAKAKOTCA 4CPE3 BCKTOpHBII)'I IIOTCHOMAJI:

B =rotA
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s
2
W, = Ldv: ......... =1J.5 Adv
v 2L, v

Ecnu TokM mpoTeKaroT No JIMHEWHBIM MPOBOJIHUKAM, ITONIEPEYHBIE Pa3MeEpPhI
KOTOPBIX BECbMa MaJbl 0 CPAaBHEHUIO C MX JUIMHOW, TO TO BBIPAXEHUE IS

BCKTOPHOI'O HOTCHIII/IaJ'Ia A MOXHO YHOPOCTUTDH CICAYIOIIHUM 06p8,30MI
y Wo f—d Mty § 5@@ _ My §ﬂf55= WOILE
) r A < r

47zlSr A

rme [ = J5 +dS — TOoK B IPOBOJHHKE
S

B nocneanem ypaBHeHUHM UHTETPUPOBAHKE 110 00BEMY 3aMEHSIETCS] UHTETPH-
POBaHUEM IO KOHTYpaM JIMHEHHBIX IPOBOJIOB, UTO YIIPOILAET €ro PEIICHHE.

21.3CkajasipHbIi NOTEHIMAJ MATHUTHOTO MOJIS

Panee myist anekTpocTaTuyeckoro mosis BHe 3apsanoB (o = 0) Obuia monyveHa
cucTeMa YpaBHEHUH :
D=c¢g,H; divD=0; rotH=0; E=-gradp; V'@=0.
JI1s MarHUTHOTO MOJis BHE TOKOB (0 = () crcTeMa ypaBHEHH UMEeT BUI:
B=uu,H; divB=0; rotH =0.

CpaBHEHHE OSTHUX CHCTEM YpaBHEHHH IOKa3bIBA€T, YTO OHU HMEIOT
OJIMHAKOBYIO CTPYKTYPY H, CJEIOBATEIbHO, K MX PELICHUIO NPUMEHUM MPUHIIMII
JBOWCTBEHHOCTH. DTO 3HAYMT, YTO K pacueTy MarHUTHOTO TOJS B 00JacTAX BHE
TOKOB MOTYT OBITh MPUMEHEHBI METOJbl, 3aUMCTBOBAHHbBIE W3 AJIEKTPOCTATHUKH.
BBenem mo aHanoruu moHsSTHE CKAJIIPHOTO MAarHUTHOTO MOTEHLHANA (y(X,),z) U3
YCIIOBHSL:

H=-gradp,, VzgoM =0;

[IpuMeHeHre MOHATHUS CKAJIIPHOTO NOTEHIIMAIA @,(X,),Z) B psijie CllydyaeB
3HAUYUTENHHO YIIPOIIAET PEIICHUE 3a/1a4 [0 pacyeTy MAarHUTHOTO TOJISI BHE TOKOB.
CrnenyeT UMeTh B BUJLY, UTO IS QJIEKTPUUYECKOTO MOJI HANPSIHKEHUE

Up=0,—0, = J.E ~dl ye saBucur ot BbIOOpA MyTH UHTETPUPOBAHUS, B TO XKe

a

BpeMs MarHUTHOE Hanpsokenue Uy, =@, =@, = _[H -dl =2i 3apucut ot BeIOOpa

9TOTO IIYTH.
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21.4 MarauTHOe moJie HMJIHMHAPUYECKOr0 NPOBOJAHUKA C TOKOM

[IycTh MO GECKOHEYHO JUIMHHOMY IMJIMHAPUYECKOMY MPOBOAY paauyca R
MPOTEKAET MOCTOSHHBIN TOK [/ . BpibepeM cuctemy KOOpPAMHAT X, V, Z TaK, 4TOOBI
OCh MPOBOJIAa COBIAJIajia C OChIO KOOPAUHAT Z (pUCYHOK 276).

Pucynoxk 276

Bynem cuutath, 4TO TOK pPaBHOMEPHO pacCHpEelesieTcss MO0 CEYEHUIO

I 1

MPOBOJIA, TOT/Ia €ro IJIOTHOCTh OYy/IeT paBHA 0= ; = R

JInist uccreioBaHusl MarHUTHOTO TTOJISL BBIIEIMM JIBE HEPAaBHO3HAUHBIE 00-
JacTH, Ul K&KA0H U3 KOTOPBIX BBIIIOJHUM pacyeT MapaMeTpoB MarHUTHOTO TOJIS:
1) obnacts BHyTpH nipoBoga npu 0 <r <R,
2) obiacTh BHE MpoBojia Mpu R<r <oo .
Jns pacuera ToONAS BO BHYTPEHHEW 0OJacTH BBIOEPEM  KOHTYp
UHTETPUPOBAHUS B BHUJIE OKPYXKHOCTHU C TEKyIIMM paauycom r<R . Torma Tok
BHYTPH KOHTYpa WHTETPUPOBAHUS:

2 ; 2
i(r)—g'ﬂrz—l—r @=r—
- - R2 ’ OTKYILa I R2
[IpyMeHUM K KOHTYPY HHTETPUPOBAHHUS 3aKOH IIOJJHOTO TOKa B
WHTETpajibHOU dhopme :
2

§H -dl = H2mr =i :i(r):[%,

non
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1 B Hp L

oTKy1a ciaenyer H = rmw b=—>57r
yAa ey 2R’

27R?
Bektopst B u H mHanpaBnensl 1o KacaTenbHOH K OKPYXKHOCTH, HX
HaIpaBJICHUE OMPEACIISICTCS 0 MPaBUITY TPABOXOOBOTO BUHTA.
[Ipu yBenwueHnn paguyca Ha dJIEMEHTAPHYIO BEIUYHUHY dF MPOU30UICT
npupalieHue MarHUTHOTO MOTOKA Ha BEJIMYMHY d¢h Ha eIMHUILY JUTMHBI TIpoBojia (/
= 1) 1 mpupalieHne MarHUTHOTO MOTOKOCIICTITICHHSI Ha BETUYUHY d /.

d¢ = Bds = Bldr = %rdr
7T

i 2
dw:d¢%—ﬂrdrr— Hto 5 gy

27R* R* 2zR*

BHyTpeHHNIT MarHUTHBIN NTOTOK U BHYTPEHHEE MTOTOKOCUETIJICHUE HAUAYTCA

B PC3YyJIbTATC I/IHTel“pI/IpOBaHI/IH IMOJTYYCHHBIX BBIIIIC BI)Ipa}KeHI/Iﬁ 110 BCGMy
CCUCHUIO ITPpOBOJA:

R R
Hity 1 ity
dog = r-dr =—
e -([ ¢ -([27ZR2 4
R

GHYmMp .

piod s o Hid

5 27R* 47
W3 mocnenHero ypaBHeHUs ciieayeT Ghopmyma sl BHYTPpEHHEHW WHIYKTHB-
HOCTH MIPOBO/Ia HA €AUHUILY JJIUHBI

7

O ey
QL

LeHymp. _ \Peﬂyrnp _ HH

1 87

BHyTpeHHSIT HHAYKTUBHOCTh MPOBOJAA 3aBUCHUT OT €r0 MArHUTHOW IMPOHHU-

ITA€MOCTH 4 (I CTaTBHBIX MMPOBOJIOB OHA 3HAYUTEIHHO OOJIBIIE, €M IS METHBIX
nIIn aJII'OMI/IHI/IeBBIX) M HC 3aBUCUT OT €TI0 paanyca.

Jlns pacdera 1oJjisk BO BHENIHEH 00J1aCTH BBIOEPEM KOHTYP HHTEIPHPOBAHUS

B BMJEC OKPYXHOCTH C TEKyIMM paguycoM r>R . TOK BHYTpH KOHTypa

MHTEPUPOBAHUs paBeH [ M HE 3aBUCUT OT TEKYIIEro 3HaueHus paguyca r. U3

3dKOHaA ITOJIHOT'O TOKa CJICAYCT:

[[a/M]

1 ol
H=— B =
, OTKyJa o 5

[Ipupamienss MarHUTHOTO TOTOKa dg) M mMOTOKOcUeIuieHus dy OyayT
PaBHBI:

§ Hdl=H2r =i, =1

dé = dy = Bds = Bldr = “L gy
27

Buenanii MaroiuTHBIM MOTOK Dy, U COOTBETCTBEHHO BHEIIHEE MOTOKOCIIC-
mieHue Fyuey HAWAYTCS B PE3YJbTATE HHTETPUPOBAHMS TOJYUYEHHBIX BBIIIE
BBIPAKECHUU 110 CEUEHUIO BHE TPOBOJA!
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R R /
1 I. R
®6H€MAH = LIISHGM,[H = J‘dlﬂ = J‘ ﬂo dr = ‘Llo ln b
' A ~ 27 2r R
rae R’<oo - BHENIHUM paguyc B OKpPYXAlOLIEM IPOBOJ IPOCTPAHCTBE, IJIE
IIPOU3BOJUTCS PACYET IAPAMETPOB IOJIA.

Baemnss HHAYKTHBHOCTB IIPOBOJda HA CAWHNIY JJINHEI :
/

lnR—r/
7 T/

_ \PSHEWH — IUO

LSHEWH. [ 272_
21.5MaruuTHoOe€ moJie AByXIIPOBOJHOM JIMHUM
[To nBYXIpPOBOAHON JMHUU C 3aJaHHBIMU T€OMETPUUYECKUMHU pa3zMepaMu

(pucynok 277) (R — paaumyc poOBOJIOB, d— PACCTOSHUE MEXIY OCSIMHU IPOBOJIOB)
MPOTEKAET MMOCTOSSHHBIN TOK /.

! d g
Pucynoxk 277

Pe3ynbTHPYIOMIUI BEKTOP MATHUTHON MHIYKIHH B B NPOM3BOJIBHON TOYKE
N MOXHO ONPEACIIATh MO0 METONY HAJIOKEHHUS KAaK T€OMETPHUYECKYI0 CYMMY

COCTABJAIOIMINX 3TOI'O BEKTOpA Bl 151 BZ OT KaXXa01o0 1nmpoBoaa B OTACIIbHOCTH! B

=Bi+ B> . CocraBnsmomue Bektopa B1 m B2 onpemensiorcs mo moiy4eHHBIM

paHee hopMysIaM, a MX HAPABICHHUS — IO TPABHJIY MPABOXOOBOIO BHHTA!
_ Mol Mol
— . B, =

B
: 27, 27,

Pe3ynbTupyronyt0 MHAYKTMBHOCTb JIMHUM Ha E€IWHHUIYY JUIMHBI MOKHO
HAWTH KaK CyMMY UHIYKTUBHOCTEH MPSIMOTO U OOPAaTHOTO MPOBOJIA:

HEL Mo d _ Hy d u
— L+ Ly =2L, 4 S N N, N Pl P a2
L Ll LZ 2LBHyT 2LBHem Q7 T R T ( R 4j .

[Ipu ompezneneHun BHEIIHEW WHAYKTUBHOCTH IMPOBOJA, BHEIIHUN pPaJIAyC
UHTErpUpOBaHus R ClielyeT NPUHSTH PABHBIM PACCTOSHUIO MEXY IIPOBOJAMHU d.

Ecnu npoBoia nuMHUM BBIMOIHEHBI U3 HepeppomaruutHoro Marepuana (Cu,
Al) To =1 n popmyna 171 UHAYKTUBHOCTH JIMHUH TTOTYYUT BUJI:
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Hy d 1
L="In—+—
i R 2 [TH/M ]

B cxemax 3amemienust Tpex(das3HbIX JMHUAN 3JEKTPONEpeadll YUUTHIBACTCA
UHAYKTUBHOCTBH OJJHOTO MpoBoJa ((a3sl), crie10BaTeIbHO:

d
L= %(hlﬁ + %} [TH/M ] — HHAYKTUBHOCTB Kax1oro mpoBoja ((as3sl) Tpex-

da3zHoit TpancnionupoBanHoi JIDII Ha euHUIY JJIUHBL, TAC

—3 . .
d= \/ dg dpe-dey - CpPEeIHEreOMETPUUECKOE 3HAUCHHE MEKOCEBbIX
PacCTOsTHUM POBOIOB.

21.6 BzauMHasi HHIYKTHBHOCTD IBYX NapaJuleIbHbIX JHHHI

ITycTths 3a1aHO r€OMETPUYECKOE PACIONIOKEHHE IIPOBOAOB B IIPOCTPAHCTBE
JIBYX MapajieNbHbIX ABYXNPOBOAHBIX MuHuM (1 u 1’ — mpsmMoit u oOpaTHBI mpo-

BOJia MEPBOM JWHUU, 2 W 2'— NpAMOM W OOpaTHBIM NPOBOJA BTOPOM JIMHHM)
(pucyHok 278).

1 y R

Pucynox 278

IIpenmonoxum, 9yro mo 1-W JMHAKM TIPOTEKAET ITOCTOSHHBIA TOK 1.

MaruutHbli IOTOK OT IHpoBoAa |, mepecekaromuid IUIOCKOCTh BTOPOM JIMHWH,
ompenenuTcs o Gopmyre:

d.
D, :'U_OIIHL
2 .

MarauTHbld TIOTOK OT TpoBoja 1', mepecekarouuii MIOCKOCTh BTOPOM
JIMHUH:

Mol
2

lnh

12/

D) =
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Kak cnemyer u3 pucyHka, MarHUTHbIE TTOTOKM @; U @ B IUIOCKOCTHU
BTOPOI JIMHMM HAINPABJIEHbl OAWHAKOBO, T.€. CKJIaAbIBAIOTCS. Pe3ynbTupyromuii
MarHUTHBIA MOTOK B3aMMHOW MHIyKIIMH Oy/IeT PaBeH:

1 d /'d/
O, =0, + O] =L 12 12

2 d,,-d

12
BBaI/IMHa}I I/IHI[}IKTI/IBHOCTB I[BYX JIHHI/Iﬁ Ha GI[I/IHI/II_[y JJINHBI 6YI[6T paBHa:

D, _Ho In dlz/ dl/z
I 2z d,d

I[Ipy wcnosb30BaHMKM JAHHOTO YPaBHEHHS IS PAcyETOB  CIEIyET
YYUTHIBaTh, YTO  WHIEKCHl TMPU  PACCTOSHUSAX d 3aBUCST, BO-TIEPBBIX, OT
0003HaYCHUS TMPOBOJOB HA YEPTEXKE, U BO-BTOPHIX, OT B3aUMHON OpHEHTAIIUU
MAarHUTHbIX MOTOKOB @ U @’;, ¥ B KaXJOM KOHKPETHOM CIIy4ae JOJIKHBI
YCTaHABIIUBATHCS WHINBUIYAIBHO.

M =

12

21.7 MarauTHOe 1moJie CJI0KHOM CUCTEMBI IPOBOI0OB ¢ TOKOM

B 0oJbIIMHCTBE peaIbHBIX CIIY4aeB JIEKTPUUYECKUE TOKHU, CO3/IAI0IINE Mar-
HUTHOE TI0JI€, TPOTEKAIOT MO0 TOHKUM KaHallaM — 3JIEKTPUYECKUM TpoBojaM. s
CO3/J]aHUsl CUJIbHBIX MArHUTHBIX MOJIEH, UCIOJIb3YEMbIX B TEXHUKE, MPUMEHSIOTCS
CHUCTEMBI POBOOB, 00pa3yIOIINe KaTyIIKU HHAYKTUBHOCTH.

Y
dH

dl ro r

S~ | 7

Pucynox279

Pacyer marHuTHOrO TONSA B NPOM3BOJIBHOW TOYKE MPOCTPAHCTBA 7
CO3/1aBa€MOI0 HJICATbHBIM (OECKOHEYHO TOHKHMM) TPOBOJHUKOM C TOKOM [
(pucyHok 279), MOXKeT ObITh BBIIIOJIHEH HAa OCHOBE M3BECTHOTO M3 Kypca (pu3mku
3akoHa buo-CoBapa-Jlamnaca:

— ¢ ain]
H= '[ [
, A4rer
rae dl — BEeKTOPHBIN JIEMEHT JJIMHBI IPOBOJHUKA; ¥ — PACCTOSIHUE OT JIeMeHTa d/
JI0 pacCMaTpUBaeMOM TOYKH 71;
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¥y =1 — eqUHUYHBIN paanyc-BEKTOp, HAPABIECHHBIN MO PAJAUYCY 7.

Pe3yIbTUPYIOIIHiT BEKTOP HAIPKGHHOCTH MarHutHoro momst 1 n,
CO371aBaeMbIil JUIMHHBIM TMPOBOJAOM [ WM CHCTEMOW MPOBOJOB, MOXKET OBITh
HaWJIeH MyTeM WHTErPUPOBaHUS MpUBEACHHOTO ypaBHeHHs brno-Coapa-Jlamraca
0 BCEH JJIMHE TTPOBO/IA UM CHCTEMBI IIPOBOIOB.

B kadectBe mpuMmepa pacCMOTPUM  pacueT MAarHUTHOTO  TOJIA
IWIMHIPAYECKON KaTYIIKK JJUHOW/A, ¢ BHYTPEHHUM IUaMETpOMD B HapyKHBIM
auameTpomMD,, COIEpKallyld W BUTKOB, PACIOJIOKCHHBIX B HECKOJIBKO CJIOCB
(pucyHnok 280).

¥

¢

D,

. 0, >
Pucynoxk 280

[IpunumaeM pomnyuieHus, 4To 1)3JEKTpUYECKUA TOK MPOTEKAET CTPOro Mo
OCH TpOBOJAA, W 2)OTACNIbHbIE BUTKM HMEIOT KoJbleByl0 ¢dopmy. Takue
JOMYUIEHUSI HE BHOCST CYIIECTBEHHBIX MOTPENIHOCTEW B PE3yJbTaT pacyuera
MarHuTHOTO TIOJIE BHE TIPOBOJA, HO TMO3BOJISIIOT YNPOCTUTH MPOLERYPY
uterpupoBanusi ypaBHeHuss buo—CoBapa-Jlamnaca. Pe3ynapTupyromuid BEKTOp

HaIpPsHKEHHOCTH MAarHUTHOTO MMOJss [, B NMPOW3BOIBHOM TOYKE 7 MOXET OBITh
HalJIeH KaKk TreoMeTpuYecKas CyMMa COCTaBJISIOIIMX AITOTO BEKTOpa OT BCEX
BUTKOB W, PACIOJIOKEHHBIX IO JUIMHE KaTYIIKU OT —/4/2 10 +h/2 ¥ 1O TOJIIUHE

KaTywku ot Dy 1o D;:
h/2 Dy m PR
H.o= [ | fl-lczw—co]-dh-dD-da

—h/2D, 0
MaruauTtHoe nose Katymky Oyaet 001aaaTh HEHTPATbHOM U 0CEBON CUMMET-
puel, TI03TOMY HCCIECJOBAaHUE IIOJI ITPOBOAUTCA TOJIBKO B OJHOM M3 YETBEPTEU
IUIOCKOCTH C€YEHUS (B 00JIACTH MOJOKHUTEIbHBIX 3HAUEHUM KOOPAUHAT XU V).
AHanu3 XxapakTepa W3MEHEHUS MArHUTHOTO IIOJs B IIPOCTPAHCTBE
IOKa3bIBAET, YTO MATHUTHOE I0JIE MMEET HAauOOJbIIYI0) MHTEHCUBHOCTb BHYTpPHU
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KaTyluKy, U 4YTO OHO Y6BIBaeT BO BCCX HAIIPABJIICHUAX 110 MCPC YAAJICHUA OT
BHUTKOB KaTyIIKH.

21.8 Mexanunyeckue CHJILI B MATHUTHOM IT10JI€

[TycTh cymiecTByeT cucTeMa M3 /1 MarHUTHOCBSI3aHHBIX AJIEKTPUYCCKUX
Herned, B KOTOPBIX TPOTEKAIOT IIOCTOSHHBIE TOKU. I[lycTh omHa W3 1eneil
nepeMeIIaeTcsi B HallpaBJIeHNH OCH X Ha BennuuHy dx. [Ipu mepeMenieHnn nenu
OyZeT BBIIOJTHEHA MEXaHU4ecKas paboTa:

aw. . =F -dx,
rae F\- cuna, nelcTByromas Ha LEMb B HANPABJICHUU X.

BCHGI[CTBI/IG NNepeMCUICHU: T CIIN HpOHSOﬁI{GT HU3MCHCHHUC MAariHuTHOI'O 110JIA1
CHCTCMBI:

n L 1 n 1 \IJ 1 n
aw, =d| 30— o 3 1) sy,
1 2 1 2 2 1
N3MmeHeHnne IOTOKOCHENJICHUS KaKAoW I1ienmu ¥, BBI3OBET IIOSIBJICHHE
dy
HaNpsDKEHHST HA €€ 3aKuUMax: U, = —e; = —k Py 9TOM B CHCTEeME OyJneT
dt ’

BBINIOJIHEHA JIOTIOIHATEIbHAS JJICKTpHYEeCKas pabora:
n n
aw,, = Zlkukdt = Zldek
1 1
B COOTBETCTBHUH C 3aKOHOM COXPAHEHHMS SHEPIUH COCTABMM OallaHe
n 1 n
swepruit: dW,, =dW, +dW,,., wm D 1 dy, = ngkd% +Fdx
1 1

OTKyOa CJICAYCT, 4TO

dw

1 ! M
F.dx = Ezl Y, =dw, oy I z—dx , T. €. COCTaBJSIOIAasl CHJIbI,
1

JEUCTBYIOIIEH Ha SJIEKTPUYECKYIO 1IEMb B MPOU3BOJILHOM HAMpAaBICHUU paBHA

HpOI/IBBO,Z[HOfI OT SHCPI'u MAaroHuTHOI'O I1I0JIAA B 9TOM K€ HAIIPABJIICHHUH.
Cocrapisitonye CUibl, IEMCTBYIOIIECH Ha JIEKTPUUYECKYIO 1IETIh B HAMPABIECHUH OCEH
KOOpPJIMHAT X, ), Z:

aw.,, . aw, . . dw,
Y dx Yoody P Az

PesynpTupyromias cuia:

FoiF +F +kF. = 12472 %% W = graaw,
g ox "oy oz) “

PesynbTupyromas cuiia HampaBlieHa B CTOPOHY HauOOJIBIIETO BO3pAacTaHUA
SHEPIUU MAarHUTHOTIO MOJISI.
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Tak kak mo YCIIOBUIO TOKH ueneﬁ IMOCTOSIHHBI, TO XU 9HCPIUA COOCTBEHHOI'O

LI%
MAaravuTHOI'O II0JIsI, paBHaAd VVCO5 :z ) TOXE IIOCTOsHHA, a HN3MCHSCTCA

TOJILKO B3aMMHAsl SHEprus cucTeMsl W,, U, cienoparensHo, cuna = gradW,
Ecny cucTeMa COCTOUT TOJBKO U3 JIByX MATHUTHOCBS3aHHBIX LiEMeH, TO
SHEprusl MArHUTHOTO 10JIsi OyJeT paBHa:

+W — Llll2 + LZIZZ
63 2

WM:VVI +W, +MI1,

cob cob

Toraa nmonyunm:
F =gradW A =gradW,_ = gradMl I, = 11,gradM
B u3MeputenbHeIX MprOOpax MEKTPOAUHAMUIECKOI CHCTEMBI
BpAIIalOMUi MOMEHT, JEHCTBYIOIINH Ha OJBIDKHYIO CUCTEMY IIpubdopa, OyzneT
paBeH:

dM

M,=F, r=r-I-I,grad M =11, —

da

T.€. BPALIAIOMINI MOMEHT IPONOPILHOHATIEH CKOPOCTH U3MEHEHHUS B3aUMHOI

UHAYKTUBHOCTH M IpH MOBOPOTE MOABMKHON CUCTEMBI PUOOpa.

b

22 IlepemeHHOE IJIEKTPOMATHUTHOE 1OJI€
22.1 OcHoBHBbIE YpaBHeHHsI MakcBeJIa M UX (PU3HYECKHH CMBICJT

OCHOBBI TEOPUM DJIEKTPOMATHUTHOTO MOJISI WK AJIEKTPOJUHAMUKH ObUIH
BIIEPBBIE H3JI0KE€HBI B 1873 TI. aHINIMKACKMM y4eHbIM MakcBeEIOM B TpyJe
«Tpaktar 00 »3JeKTpUYECTBE W MarHeTusMme». MareMmaTtuyeckue ypaBHEHUS,
OTHCHIBAIONUE (PU3NUECKHUE MPOIECCH B MEPEMEHHOM JJICKTPOMAarHUTHOM IIOJIE,
HA3BIBAIOTCS  ypaBHeHUs MU MakcBemia. Hambonee BaxkHbIe W3 HUX TIEPBBIC
YEThIPE, KOTOPHIE HA3BIBAIOTCSI OCHOBHBIMU:

— - OFE
rotH =6 + g, —
Oat(l)

rotE = — o 2
HH, o (2)
divB=0 (3)
divD= p,, (4)
W:W3+Ww:gg°E +’uﬂ°H (6)
B o 2 2
D=g¢gg E (7)
B = uu,H (8)
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Paccmotpum Oosiee neTalibHO Kakaoe U3 ypaBHeHMM MakcBemia u
BBITEKAIOIINE U3 HUX CJIECICTBUA.
@uU3NYECKHI CMBICH 1-r0 OCHOBHOTO YpPaBHEHMS: NMEPEMEHHOE MArHUTHOE

none (rot H ) BO3GYXIAaeTCA KaK TOKAMH MPOBOAMMOCTH (O ), TAK M TOKAMH
cMemennst (8. ). MakcBesn Ha3Ball IIOTHOCTHIO TOKA CMEIICHNs H3MEHEHHE BO
BPEMEHH BEKTOPA 3JICKTPUIECKOrO CMCIICHHS] D:
8D oF

=6y —
e ot

Tok npoBoAUMOCTH (O ) U TOK CMEIIEHUS (O v ) IKBUBAJICHTHI B OTHOIICHUH
CO3J]aHUsl MArHUTHOTO TOJISl, HO MPEJCTAaBISAIOT COOOM paszinyHble (PU3NYECKHe
sBieHus. Eciaum TOK TIPOBOJUMOCTH COOTBETCTBYET JBMIXKEHHIO CBOOOJIHBIX

3aps/ioB, TO TOK CMEIIEHUS MOXET CYIIeCTBOBaTh B IyCTOTE, TAE 3apsibl
OTCYTCTBYIOT BOOOIIIE.

Sen

— - — 0D aE aP - =
D: E: E+P 5 = = —50\40 50}1411
Tak kak &g, &y , TO e = o 8t at

Takum 00pa3om, TUIOTHOCTh TOKA CMEIICHHUS B JAUAJICKTPUKE CKIIABIBACTCS
W3 TJIOTHOCTH TOKA CMEIIEHHUS B MYCTOTE (Sevo) U UleHA (Seum), YUMTHIBAIOIIETO
HOJISPU3ALNIO UAJIEKTPUKA (IEPEMEIICHUE CBI3aHHBIX 3aPS/IOB).

l-e ypaBHeHmMe MakcBemia TpeaAcTaBiIsIeT co0oi audQepeHITaTbHYIO
dbopmy 0000IIEHHOTO 3aKOHAa TMOJMHOTO ToOKa. J[Is JokaszarenscTBa ATOTO
TIOJIOKECHHSI TIPOMHTETPUPYEM 00€ YacTH YpaBHEHUS 110 HEKOTOPOUH HENOIBUKHOM
MOBEPXHOCTH S, ONMPAIOIIEHCS Ha KOHTYD [:

jrotHa’s —J.é'ds+.[—a’s

S
JleBas yacTh ypaBHEHUS Hpeo6pa3yeTc;I no teopeme Crokca:

I’” otH -ds = jt;H dl ap IIPAaBOX YaCTH PABEHCTBA IOJYYHM: J5 ds =i,
! S

j “—ds= j Owds =1,  crnemoBaTebHO:
S

§H -dl =i, +1i,, =1i,,— 3aKOH IOJHOIO TOKA B HHTErPaJIbHON (hopMe.
!

— oD
Jlnst crationapHoro noist D = const n—-= 0, Torma mepBoe ypaBHeHne Mak-

CBCJLlJIa IpEBpaiacTCia B YPaBHCHHA MAarHUTHOI'O II0JIA IMIOCTOSAHHOI'O TOKaA:

ol =5,  (H-d-Yi =Y.
l

W3 nocneaHero paBeHCTBA BBITEKAIOT ypaBHEHUs 2-10 3akoHa Kupxroda
JUIsl MAarHUTHOM 1eNu:
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Y HI=>Iw.

Bo3smeM onepanuio div - OT J€BOHM M MPAaBOM YacTU OCHOBHOT'O YPaBHEHHSI

(D:
. - |= oD
dzv(rotH) =div| 0 +—
ot
W3 maTeMaTHKH U3BECTHO, YTO div rot = 0 TOXKIAECTBEHHO, TOI/IA MTOIYYUM:
= 9D . =
divo =—div—— =—divéci— ypaBHEeHHE HENPEPLIBHOCTH JUHHAKA  BEKTOpa

ot

TIOTHOCTH TOKAa O, KOTOPOE TJACHT, 4TO JMHHM BEKTOpa O HENPEPHIBHEL
KOHIIAMH JIMHHH TUIOTHOCTH TOKAa IIPOBOJMMOCTU O SBISIOTCA HAyana JHHHIA
TIJIOTHOCTH TOKA CMEIIEHHs O cu ¥ HA0OOPOT.

[IpounTerpupyeM 00€ 4YacTU MOCIETHEr0 YypaBHEHUS IO HEKOTOPOMY
3aMKHyTOMY 00beMy V. B neBoit uactu nmo reopeme OcTporpaackoro noaydum:

[divsdv=[5-ds=i,
14 N

aB npaBoﬁ HaCTH:

0D 0 — 0 0
—J.div -dv=——IdivD-dv:——J-pcg-dv=——q,
) ot ot s ots, ot
. 0q dg
clefoBaTeNnpHo: I, — 3 = - " — 3aKOH COXpaHeHWs 3apsja B
WHTETPaILHOMN opMme.
[TonydyenHoe  ypaBHEHHME  TIOKa3bIBAaeT, 4YTO B  IIEPEMEHHOM

AJEKTPOMArHUTHOM TIOJIE TOKM M 3apsAAbl CBSI3aHBl M HE MOTYT 3aJaBaThCs
HE3aBUCHUMO JIPYyT OT ApYyra.
®u3nveckuii  CMbBICA  2-TO  OCHOBHOTO  YpaBHEHMS:  MEPEMEHHOE

aniekTpudeckoe mone (7ot E ) Bo30OykmaeTcs HE TOJBKO 3apsaaMd ¢, HO H

M3MEHEHHEM BO BPEMEHU MAarHUTHOTO MOJs ( — £, E .

2-¢ ypaBHeHHe MakcBemia mnpeacTaBiasieT coboil auddepeHIuaIbHyo
dbopMy 3aKOHA OJIEKTPOMArHUTHOW WHAYKIHMH. JlJIg JOKa3aTenbCTBA 3TOTO
TIOJIO’KEHUS TIPOMHTETPUPYEM 00€ 4acTH ypaBHEHHsI TT0 HEKOTOPOUW HEMOIBUKHOU
MIOBEPXHOCTH S, ONUparoNIelics Ha KOHTYp /:

—_ 0B -
:';I”OIE'CI’S =‘!‘—§-ds'
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Jleass wacTh ypaBHeHHs mpeoOpasyercs 1o Teopeme CToKca:

I”OtE -ds:i)E ‘dl=e,,, ~a B nmpaBoil uYacTM paBEHCTBA  IIOJNYYHM:
/

_[_ aa_f ds = _% B-ds= _88_? > CIICZIOBATENBHO:
S s
oD  dd —3aKOH HJIEKTPOMArHUTHOM MHIYKIIMU B
w0 =TT T 0 MHTErpaabHoi GopMme.

B snexTprueckux MammHax MEPEMEHHOIO TOKa (FreHepaTopax, ABUIATENsX,
TpaHcopmaTopax) MarHMUTHOE  II0JI€  WU3MEHSETCS BO  BPEMEHM  IIO
CHUHYCOMJIATLHOMY 3aKOHY B(¢) = B, sin wt. B 00MOTKax MallIlH 3TO M0JIC HABOJIUT

cunycougainbuyro I/C:
e(t) = —wa;—cf =-—w® w-coswt =FE, -sin(wt—90%),
HeiictBytomee 3Hauenue 3ol IJ{C paBHO:
E, 2rx

m

E= noha wfB,s =~ 4,44wfB, s — ypasuenue tpauchopmaroproii DJIC.

0B
Jns cramponapHoro mons =0, u 2-e ypaBHenume MakcBela

ot

TIpEBPAIAETCS B YPaBHEHHS 3JIeKTpocTaTHdeckoro moms: 1ok =0, §E -dl=0.
/

N3 coBMmectHOro ananmu3a l-ro m 2-ro ypaBHeHuW MakcBeiia cieayer
BBIBO/JI, MEPEMEHHOE SJIEKTPUUYECKOE M IMEPEMEHHOE MATrHUTHOE IOJS JIOJKHBI
paccMaTpHUBaThCS KakK JBa CBSI3aHHBIX MPOSIBJICHUS €IMHOIO 3JIEKTPOMArHUTHOTO
npoiiecca. Kaxnoe u3 3TuX mosieil ¥ uX U3MEHEHUs] BO BPEMEHU U MPOCTPAHCTBE
SIBJISIFOTCSL OJTHOBPEMEHHO U MPUYMHON U ciiefcTBUEeM Jpyr Apyra. COBOKYMHOCTb
ATUX JIBYX IMOJIEH Ha3bIBAETCS AIEKTPOMATHUTHBIM TOJIEM.

3-e ypaBHenue MakcBemna (divB=0)ycTaHaBIuBaeT MCTOKH JIMHUM
MarHuTHOro mnojs. OHO TrJacuT, YTO JIMHUM BEKTOpa MAarHUTHOW WHIAYKUUH B

HEIPEPHIBHBI, T.€. 3aMKHYTHI caMu Ha ceOs1. [IpowHTErpHpyeM 3TO ypaBHEHHE TIO
HEKOTOPOMY 00beMY V, OrpaHUYEHHOMY MTOBEPXHOCTHIO S:

Idivﬁ-dv:§§-$=I§-$+ IE'%J““:@I +D,+..=2P=0 -
14 N S1 52

ectb 1-i1 3akoH Kupxroda a511 MarHuTHOM LEeTH.
4-¢ ypaBHeHue MakcBemia (divD = p,) ycTaHaBIMBaeT HMCTOKW JIMHHUA
ANeKTpuyYecKoro mnojig. OHO TJIACUT, YTO JMHUU BEKTOpa AJIEKTPOCTATUUYECKOM

UHAYKIUA D MMEIOT pas3pbiB, OHU HAUYMHAIOTCSA HA TOJOKUTENbHBIX 3apsaax u
3aKaHYMBAIOTCSI Ha OTpUIATENbHBIX. [IpomHTErpupyeM 53T0 ypaBHEHHE TIO
HEKOTOPOMY 00beMY V/, orpaHUY€HHOMY MOBEPXHOCTHIO 5"
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jdivB-dv = J;B% :jpcg -dv=2q,, wm §B% =2q., -
Vv S vV N
ecTh ypaBHEHHE TeopeMbl ['aycca B MHTErpanbHOM popme.
22.2 Teopema YmoBa-IloiiTuHra AJ1s1 3JIEKTPOMATHUTHOIO 1OJIA

Teopema YmoBa-lIloliTuHra ycraHapiuBaeT OajgaHC MOIIHOCTEH B IMPOM3-
BOJILHOM OOBEME 3JEKTPOMArHUTHOro mojisi. Maremaruueckass 0a3za Teopembl
pa3paboTaHa pycCKMM MareMaTHKoM YMOBBIM B 1874 romy, a B 1884 romy
anrmickuil ¢u3uk [IOUTHMHT NpUMEHUT HAeH YMOBa K 3JIEKTPOMAarHUTHOMY
TIOJTIO.

BriienuM B nepeMeHHOM 3JIEKTPOMArHUTHOM I0OJIe HEKOTOPBIM o0beM V,
OTpaHUYCHHBINA TTOBEPXHOCTHIO S. BHYTpH BBIZICTIEHHOTO0 00beMa MOTYT OKa3aThCs
YaCTUYHO WJIM IOJHOCTBK) MCTOYHUKHU W MPUEMHUKHU BJICKTPUUYECKOM SHEPTUH B
JIOOBIX COYETAHUSX. DJEKTPOMArHUTHOE II0JIE BHYTPU OOBEMa OIMCHIBACTCS
cucTeMou ypaBHeHur Makcsea:

— —~  _OE
rotH = 6 + g, —
05 (1)

rotE = — G_H
Hi o (2)
5:}/(E+Ecm0p) (3)

YMHOXHUM CKaJSIpHO ypaBHeHue (1) Ha E, ypaBHeHuE (2) Ha H , v BbluTEM
IIOYIEHHO JIEBBIE U NIPaBbl€ YaCTH YPaBHEHUI:

e —OF —O0H

E-rotH—-H -rotE = 5-E+550Eaa—+yy0Haa—_

4 4

U3 Kypca MaTCMaTHUKHU U3BECTHO, YTO

E-rotH —H -rotE = div[ﬁ X E] = —div[f X E].
[Ipeo6pasyem npasbie yacTu ypaBHeHus. 13 3akona Oma (3) cienyer:

—_— —_— _— — 2 _— —
Ezé_Ecmop f— 5'E=5__5'Ecmop;
Z B 4
—0F —0H 0.1 — 1 —2_ 0
e F—+ H—=—(—¢g, F +— H)=——Ww +w
B i H at(z oE 2 Ktk ) &(3 ).
[Tocne mpeobpa3oBaHMs MOTYUUM:
—_— —_— 2 _— —
—diV[EXH]:é‘_—é“Ecmop+2(W3+WM)
4 ot

[TponHTErpUpyEeM BCE YICHBI TIOJYYESHHOTO YPABHEHHS 110 BBIJICIICHHOMY
obvemy V:
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—_— —_— 2 —_—
—jdiv[ExH].dv=j‘s—-dv—j5E-dv+j§(w3+WM).dv
V V 7/ V V at
Uccnenyem kaxnoe ciaraemoe ypaBHeHus. [lo teopeme OcTtporpaackoro-
["aycca:

—div[l_fxﬁ]-dv:—iﬁ[fxﬁ]-%=—§ﬁ-%, rIe Il = [EXﬁ]— BEKTOP
N N

[oitrunra [BT/M? ], 4yMCIIEHHO paBHBIM MJIOTHOCTU MOTOKA SHEPTHUH B €IUHUILY
BpeMEHU (MOTOKa MOINHOCTH) Yepe3 EAUHULY IOBEPXHOCTU  BOKPYT
paccMaTpuBaeMOU TOYUKH;

J‘a—z-dv:P

y menr — MOIODHOCTBb TCIJIOBBIX IIOTCPb HJIN HOTp€6J'I$I€Ma}I MOII-
v

HOCTB B 3aJaHHOM O6T>€Me, 9Ta MOIIHOCTD BCCrjaa ITOJIOXHUTCIIbHA,

- _[5 Ecmop -dv=1F,,, — MOIHOCTh HCTOYHHKOB YHEPTHH BHYTPH 00beMa, 3Ta
Vv

MOIITHOCTh OTPHIIATENIbHA, €CIIH BEKTOPbI O U E cmopp COBIAIAIOT, U MOJIOKUTEIIBHA,
€CJIM 3TU BEKTOPHI HE COBIAJIAIOT;
J-%(wa +w, )-dv= %(J.wadij/wdv) = %(Wa +W,) = % =P —
V 14 Vv
MOTIIHOCTh 3JIEKTPOMATrHUTHOTO TIOJISI, OHA TOJIOKHUTENbHA, €CIH HJIET MPOIecC
HAKOILJICHUSI PHEPTrUu B 00bEeMe, W OTpPHUIIATeNIbHA, €CJIM HUJET MPOIecC BO3BpaTa
DHEPTHUHU.
Takum oOpazom, mocie MpUHATHIX 0003HaYeHUH Teopema YMoBa-Iloiituara
TIOJTYYHT BUI:

_§H.ds :Pmenﬂ +Pucm +P9M .
S
®dopmynupoBka TeopeMmbl YMoBa-lloiiTunra: HebamaHC MOITHOCTH B
3a]aHHOM  oOBeMe V' KOMIIGHCHUpYyeTCcs TMOTOKOM  BekTtopa lloiiTuhra,
HalpaBJeHHbIM BHYTpPb 00beMa (3HaK — ) 4Yepe3 3aMKHYTYIO MOBEPXHOCTH S,
OTPaHUYHMBAIOILYIO 3TOT OOBEM.

Bexkrop [loiitunra /7 =[E x H] HanpaBlieH NEPIEHIUKYISPHO IIJIOCKOCTH, B

KOTOPOil PACIIONOXKEHbI BEKTOPH 10N £ M H, XapakTepusyeT BEIUUHHY H
HaIlpaBJI€HUE DHHEPruU, MPOXOJSIIEd B EAUHULY BPEMEHH YEpe3 EAUHMILY
IUIOIIAN B HAIIPABJICHUH BEKTOPA.

Teopema YMmoBa-IloliTHra no3Bossier cenaTb BaXKHbIM TEOPETUYECKUN BbI-
BOJ, YTO 3JIEKTPUYECKas SHEPIUsl OT T€HEepaTopa K MPUEMHHUKY MEPENAETCS HE MO
IPOBOJAAM JIMHHUHM JIEKTPONEPEaun, a dJIEKTPOMArHUTHBIM I10JIEM, OKPY>KaIOILHUM
3TH NPOBOJA, a CaMM IPOBOJAA BBINOJNHSIOT ABE Apyrue ¢QyHKuu: 1) co3maror
yCIOBUSL JJIl  TOJYYEHHUS DJIEKTPOMArHUTHOIO TMOJsA, 2) SBJSIOTCA Ha-
IPABJIAIOIIMMU JJIs1 IOTOKA JIEKTPOIHEPTUH.
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22.3 Iloroxk BekTopa IloiiTHHra B KOAKCHAIBLHOM KabeJe

YerpoiicTBO KoakCHaIBHOTO Kabess rmokazaHo Ha pucyHke 281. K kaGemto
MPUIOKEHO MOCTOSTHHOE HanpsbkeHrue U u mpoTeKaeT MOCTOSHHBIHN TOK /.

Pucynok 281

Oco0EHHOCTBIO pexuMa paboThl KOAKCHAIBHOTO KaOels SBIIICTCS TO, YTO
€ro JJICKTPUYECKOE M MAarHUTHOE I10JI€ HE BBIXOAUT 3a MPEACNbl HapyKHOH
000JIOUKH.

PaccmoTpum  pekuM  TOYkKM 1, pacroioKeHHOH B JHUPJICKTPUKE Ha

2reg, U
v T=—T"
paccTosiHUN ¥ OT ocu Kabess. JInHeliHas MI0THOCTH 3aps/a: R,
In—=
1
E _ T _ U
HanpsskeHHOCTB 2JIEKTPUYECKOro moms: & = R -
2regr n 22
r-ln—=*
1
— 1
HampsbkeHHOCTh MarHUTHOTO mojist: H = Py
ar

Bekrtops! nomus EuH HaIpaBJieHbl Mo yriiom B 90° apyr K Apyry.

II=[ExH]= v .1 = ur
pnfe 27 gpap B

1 Rl

Bekrop IloliTuHra HampaBlieH BI0JIb OCH KaOess MO HamlpaBiICHUIO TOKa 1.
[ToTok BexTopa [loiiTHHTra Yepe3 MONepeyHoe CEUEHUE AUIIECKTPUKA:

Bekrop IlowTuHxra:
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R2
ol -jr.drzUlzp

In—2% =
Rl

BriBoa: notok BekTopa [loliTHra uepes nonepeyHoe CeUeHUe AUNIIEKTPUKA
paBEH IepelaBacMOM MOIHOCTH P, T. €. BCA DHEPIUs OT UCTOYHHMKA K IPUEMHUKY
IIEPENACTCS DIIEKTPOMArHUTHBIM I10JIEM, COCPEAOTOYEHHBIM B AUDJIEKTPUKE MEXKTY
KUJIOU U 000JIOUKOH.

PaccMOTpuM peXMM TOYKH 2, pacIlOiIOKEHHON Ha Hapy»HOU MOBEPXHOCTH
YKUJIB.

[T = [ 17-2dr =
N R1

= 1 1
[LTOTHOCTH TOKA B XKIIe Kabems: 0 = — =——
S 7R,
— 0 1
HamnpsxkeHHOCTh 3JIEeKTPUIECKOTO TTOJIS: E=—= 2
Y mR
17 I
HanpspkenHocTs MaruutTHoro nojis: 4 = R
|

BekTopsl noss Eu H HaIpasJIeHbI o1 yrioM B 90° 1pyr K apyry.
1 1 B I’
2" - 23 -
TR, 27R,  27°R,
Bexkrop IloliTiHra HampaBJieH 1Mo paauycy K IEHTPYy Kalersl.
ITorok BekTopa IloliTuHra Yepe3 OOKOBYIO MOBEPXHOCTh BHYTPEHHEHN KUJIbI:

12 2 Z 2
— 5 2RI=1"- >=1"R=P,
27°R, YR, ’

Bexkrop IToiituura: 11 = [ExH]=

jﬁ-%:n.sz
S

BriBoa: motok BekTopa llonTuHra yepes HapyKHy10 MOBEPXHOCTD JKWJIBI Ha-
HPaBJICH BHYTPh MMPOBOJIA M PABEH MOIHOCTH TEILIOBBIX MOTEPh F,,,,, .

22.4 YpaBHenuss MakcBeJlia B KOMILIEKCHOH (hopme

Eciu BekTopsl 011 E M H M3MEHSIOTCS BO BPEMEHH 110
CHUHYCOHMIAJIbHOMY 3aKOHY, TO CHHYCOUJaJIbHbIE (PYHKIIMM BPEMEHU MOTYT ObITh
IpEeICTaBICHbI KOMIUIEKCHBIMU YHCIaMH U, COOTBETCTBEHHO, CAMH BEKTOPBI OYIyT
KOMIUIEKCHBIMH:

E@t)=Ensin(at+y) = E, =Ene’’,;
Ht)=Hunsin(ot+y)<= H, =Hnune'.
B 3anmcaHHBIX BRIp@KEHUAX Y€PTa CHU3Y CHMBOJIA 03HAYAET «KOMILIEKCY, a
yepTa CBEPXY — «BEKTOP», COOTBETCTBEHHO YUTAETCS KKOMILIEKC-BEKTOPY.

VYuureiBas, 4to omepanuu AuQdepeHInpoBaHUsS B KOMIUIEKCHOW (opme
COOTBETCTBYET YMHOKEHHE KOMIUIEKCHOTO M300paKeHUsI Ha MHOXKUTEb j@ , TO B
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ypaBHEeHUAX MakcBesia B KOMIUIEKCHOM (opMme BpeMsi, KaK KOOpJIHWHATA, B SIBHOM
(dopMe OTCYyTCTBYET.

C yderoM NpPUHATBIX OOO3HAUYEHUH CHUCTEMA OCHOBHBIX YPaBHEHMMU
MakcBesuia B KOMIUIEKCHOW (hOpMe MOJIy4YUT BU:

rotEm =Em + ja)ggoEm

rOtEm - _]a)ll’lll’l OEVH

divB, =0
divém =p
5,=vE,

KomriekcHbIi BCKTOPD [ToWiTHra MOXXHO IMMPpEeACTAaBUTH 110 aHAJIOIHKU C KOM-
IUICKCHOM MOIITHOCTBIO!

ﬁz— E XF[
11 2[ H,].

—m
Teopema YmoBa-Iloiituara B KOMIUIEKCHOU opMme (6€3 BIBOIA):

~[I-ds=-[XE,xH,]-ds =P+ jQ.
N 52

22.5 Ilnockasi rapMOHMY€ECKAasl BOJIHA B IMIJIEKTPHKE

[Inockoit Ha3pIBaeTCA 3IEKTPOMArHUTHAsT BOJIHA C TUIOCKUM (POHTOM, y

KoTopoil BekTopel mons E u  H  B3auMHO mepneHAMKYIApHBI U TpH
COOTBETCTBYIOIIEM BBIOOPE HAIIPABJIEHUS OCEH KOOPIMHAT OyIyT 3aBUCETH TOIBKO
OT OJIHOM HPOCTPAHCTBEHHOH KOOPAMHATHI Zz W BPEMEHHW f. BoiHa Ha3bIBaeTCs

rapMOHMYECKOH, ecii BekTopsl monss £ m  H  wu3MensroTcs Bo BpeMeHH 1o
CHHYCOHMIAJIbHOMY 3aKOHY. BoJIHA pacipoCTpaHsIeTCsi B OJHOPOIHOM JTUICKTPHKE
(&€,), MPOBOIUMOCTH KOTOPOTO paBHa HyIO (¥ =0).

BriGepeM HampaBieHusl oceil KOOpAMHAT X, Y, z Tak, uToObl BekTop £
COBIAfall C OCHIO x(E :Ex), BeKTOp H coBmaga; ¢ OChbiO y(H =H y), TOr/aa

BekTOp [loiTrHra OyIeT HampaBJieH BAOJb OCH z (pUCYHOK 282):

.4

|
Il
I

Pucynox 282
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Cucrema ypaBHeHUM MakcBesuia B KOMIUIEKCHOH dopme:
rotH , = joee K,
rOtEm = ]a)ﬂﬂoﬁm

Packpoem omnepanuto rot B 1€KapTOBOM CUCTEME KOOPAHMHAT M YYTEM, YTO
BEKTOpBI TOJII COAEP)KAT TOJBKO IO OJHOM MPOCTPAHCTBEHHOM COCTABJISIOLLECH:

E=E, H=H,:

i j ok
— o o0 O -0H , dHd ,
rotH, =|— — —|=-i —_
ox 0Oy oz Oz 4z  (BEKTOp HalpaslIeH Mo OCH X),
ﬂxm ﬂym ﬂzm
ik
_ 0 0 0 -0E, dE._,
rotE, =|— — —|=j _
ox Oy oz Oz Jd- (BEKTOp HaNpaBJIEH 110 OCH )
Exm Eym Ezm
Taxum obpazom, cucteMa ypaBHeHHH MakcBesia MOJIyYuT BUA:
diym . E 1
= — jwee
dz / = (1)
dE
— Xm - _ -a) H
T4 J ORI (L, (2)

PemM nmanHyro cucremy auddepeHIHalbHbIX YPAaBHEHHH OTHOCHTEIILHO
OJIHOM W3 TEpPEeMEHHBIX, HaIPUMeED, E_=f(2). st sToli  1Lenu

npoauddepeHupyeM ypaBHeHHE (2) MO MEPEeMEHHON z M BBINIOJIHHUM B HETO
MOJCTAaHOBKY U3 ypaBHeHus (1):

d*E. . dH,, . . o’
d; = —J WL, dZy =—joup,(—joee, E ) = _a)zﬂﬂoggol_;xm =——FE,,,
1 1
rne V= <

\/,u,uoggo - \/:uogo . \/lug - \/,Ug — (ha3oBast CKOPOCTH BOJIHEL

Takxum oOpa3zom noiayumwinocs AuddepeHnnaibHoe ypaBHEHNE 2-T0 MOpsiiKa
¢ oaHO# mepemennoit £, = f(z):

2 2
Lo O p 0.

dz* y: o

Pemenue 11t ickoMon PyHKIIUN:

.0 @

E,(2)=Ce "

T4 Ce =E ()4 E,(2).
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. .Q
rae & =—J]—, ¢, =] — — KOpPHHU XapaKTEPUCTUYECKOTO YPABHEHU:
\ v
B HeorpannyeHHOI OHOPOJHON cpene OTpa)KeHHbIE BOJIHBI OTCYTCTBYIOT,
nosromy npumem C,=0, C,=Cé¢¥, torma pemenue aas HCKOMOU (YHKIUH
MOJIYYUT OKOHYATEJIbHBIA BUJ;

. —-j—z . .
E,(2)=Ce" e v =Ce e, e k:7'

Pemenue st nepemennoit H , (z) momydnm w3 ypaBHenus (2) myrem

ITOJICTAHOBKYU B HETO HAUJCHHOT'O PELICHHUS ISl IEPEMEHHOU E o (Z) :

.Q
| dg, S5 e cew

N /
—-J—Z Ceﬂ// —ikz
— .e J

H, (2)= = e e
ym o d . 7 ,
JOHH, . J OHH, Jn B
&,
Z _ /’l/’lO
Trac B — cc - BOJIHOBOC COIMPOTHUBJICHUEC CPCAbl;, IJI ITYCTOTBI

0
Z, = [H2 12002377 oy,
&
[TepeiinemM OT KOMIUIEKCHOTO M300pakeHUsT QYHKIIMNA K MX OpUTHHAJIAM:
E (z,t) =C-sin(wt —kz+y).

c .
H (z,t)= e sin(wt —kz+y).
B
Taxum 00pa3oM, HIEKTPOMArHUTHOE TI0JIC B TUAJICKTPUKE PACTIPOCTPAHSIETCS B

BHJIe HE3aTyXaIOIUX B3aMMHO HepIEHAUKYIAPHEIX B IPOCTpaHCcTBe BodH £(z,1)

— c
u H(z,t) co ckopocTpio V :ﬁ (pucyHok283).

X

E{z,1)

Pucynox 283
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Otuomwmenne mraosennbix 3uauennii sona (£/ H) B mo6oit Touke MIPOCTPaH-
CTBa U B JII0O0OO MOMEHT BPEMEHHU MMOCTOSIHHO U PAaBHO BOJIHOBOMY

Hiy
ggy

COIPOTHUBIIEHUIO Zy=

JImuHOM BOTHBI A Ha3bIBAIOT PACCTOSIHUE, HA KOTOPOM (haza BOJIHBI U3MEHSIETCS
Ha 27

) 2 Y
— A =27, orkyna ciemyer, 4To A=2r—=2rx =

% 0] 22 f

Kaxiast u3 BOJIH MEPEHOCUT SHEPTHIO B HATIPABJICHUU CBOCTO JBIIKEHHUSI, TIPH
9TOM 00BEMHBIC TUIOTHOCTH YHEPTHH JICKTPHIECKOTO M MATHUTHOTO TTOJICH PaBHBI
MEXTy COOOM.

22.6 Ilnockasi rapMOHHYECKAasi BOJIHA B IPOBOAsIIEi cpejie

[Tycts mimockasi rapMOHUYECKas BOJIHA MPOHHUKAET B MPOBOISAIIYIO CPEIy
(u = const , y = const ) 4epe3 IUIOCKOCTh, HOPMAaJbHYI0 M HaIlpaBJIEHHYIO
JIBUKCHUSI BOJIHBI.

Cucrema ypaBHeHU MakcBeiia B KOMIUIEKCHOU (hopme OyAeT UMETh BU:

(rotH, =38, (1)

jrotk, =—jouu 1, (2)

o0,=rE,

3
\

[InotHOCTBIO TOKAa cMemenus (JjWssoE, ) B  ypaBHenum (1)
npeHeOperaeM B CBS3M C €€ MAaJOCTBIO [0 CPaBHEHHIO C IIOTHOCTBIO TOKa
MIPOBOJIUMOCTH O, .

e

Pucynox 284
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BrIGepeM HanpaBlieHHs Ocell KOOPAMHAT Tak, YTOObI BEKTOP E COMaall ¢

oceio x (E=E), Bektop HcoBnagan ¢ oceto y (H =H)), torma Bexrop

Ioiitunra [/ OygeT HAMpaBIeH IO OCH z (ﬁz[E‘xE]) (pucynok284). Ilpu

TaKOM BEIOODE HAIPaBJICHUI oceit KOOPIMHAT
_ H, - _
rotH, =———=, rotk,=j—", 0,=0, u cucTemMa ypaBHEHUI
dz dz
MakcBeiia Hony4uT BH:
y
dﬂ—m - _éxm . _7/Exm (1)
dz
—dﬁx’” =—jo < H
dZ J OHH 0 == ym (2)

\

Pemmum nannyro cuctemy nud@epeHuuanbHbIX  YpaBHEHHH OTHOCHUTEIBHO
OlHONM W3 mepeMeHHBIX, Hanpumep, L., = f(z). Jna osroil nemm
npoaudepeHuupyeM ypaBHeHUE (2) MO MepeMEeHHOW (z) W caelaeM B HEro
MIOJICTAHOBKY W3 ypaBHEHHUS (1):

d*E . dH

d;xm = —J WL,

BBexeMm 0003HaUEHUS:

- -45° , . [0) .
P = jouuy = Jouuy -e’ ﬂ/ﬂ +J\/% =b+jb e

2
b |y |
2

C yderoM TpUHATBIX 0003HaueHUN AuddepeHnrnaibHOoe ypaBHEHUE
MOJIYYUT CTAHIAPTHYIO (GopMYy:
d’E 5
dzzxm 4 Exm =0 .
Pemenune nuddepeHimaibHOro ypaBHEHHUS:

Exm (Z) = Qle_pz + Qzepz E)Cmnmr(Z) + E

rae o= —p = b —jb, & = b+jb— KOpHU XapaKTEPUCTUIECKOTO YPAaBHECHUSI.

Ecnu cpena pactipocTpaneHust BOJHBI HE OTpaHUYEHA, TO OTPaKCHHAS
BOJTHA OTCYTCTBYET U BTOPOE CIAraéMoe M3 perieHUs MOKHO UCKITIOUUTD, TOTIa
peIIeHre B KOMIUIEKCHON (hOpMe MOTYUYUT BU/I;:

E_(2)=Ce” =Ce’ -e ./ =Ce™ ./
xm = °
I[lepeiineM OT KOMIIJIEKCHOTO H306pa}KeHI/I$I K (YHKIMM BPEMEHHU:
E . =Ce"” -sin(wt —bz +y).

x(z,t)

= = ]a)ﬂﬂoyﬁxm
dz

— xmomo(z) »
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Pemenue i BosIHBI ﬂym(z) B KOMIUIEKCHOU (hopMe MOJTyYrM U3 ypaBHEHUS

(2) myTeM NOACTAaHOBKHU B HETO HAMJIEHHOIO peIleHus it £, :

H (Z) == : . dExm = pg e ¥ = Qe—bz . ej(—bz+l//—45")
Ly J oy, dz Jjop, Zc ,
; 190
Z — ]a)ﬂﬂo = a)/’l/'l()e] = a)ﬂﬂo -ej450 :Z ej450
e P W e’ 45 4 ¢ —KOMIIJICKCHOC
0

BOJIHOBOE COIIPOTHUBIICHHE CPEJIbl, KOTOPOE HOCUT aKTUBHO-MHIyKTHBHBII
XapakxTep.
[lepeiineM 0T KOMIUIEKCHOTO U300paXkeHUs K (YHKIIUN BPEMEHHU:

H

y(z)

= ZLCe"bZ -sin(wt — bz +y —45%).

Takum 00pa3oM, dJIEKTPOMAarHUTHOE TOJ€ B MPOBOIAIIEH cpele
pacmpocTpaHsieTcs B BHUJAE 3aTyXalOUUX B3aUMHO MEPHEHAUKYJSIPHBIX BOJH
E(z,t) u H(z,t). MHOXMTENL € MOKA3bIBAET, YTO AMIUIUTYIBI BOJIH IIPH CBOEM
NepeMEeIeHUH  3aTyXaloT MO  JKCIOHEHIMAJIbHOMY  3aKoHy. [ JyOuHOM
IMPOHUKHOBEHUSI MOJISi Ha3bIBA€TCAd PACCTOSIHUE, HA KOTOPOM aMIUIUTYABI BOJIH

1 2
3aTyXalT B € = 2.72 pasa, T.¢ bznp =1, oTKyma 4np = E = m .
da3oBas CKOPOCTb OINpEAEIsCTCS W3 YCIOBHS, 4TO Ot —bz+y =const,
OTKYJIa CJIEYET, UTO V = e _o_ / 20 .
dt b ML oA

JlivHa BOJIHBI A paBHA pacCTOSIHHIO, HA KOTOPOM (ha3a BOJHBI M3MEHSAETCS Ha

> b =2 1= oog |2
T, T. €. =27 ,otkyna A== . Ha paccTostHUY TJTHHBI BOJTHBI
Y b ouyy P

ba 2
z = 3aTyxaHue BoJHEI coctaBut € =& =540 pas.

22.7 IloBepxHOCTHBIH 3P eKT B IJIOCKOM JIMCTE

Panee ObUIO MOKa3aHO, YTO MEPEMEHHOE SJEKTPOMArHUTHOE M0Jie OBICTPO
3aTyxaeT Mo Mepe MPOHUKHOBEHUS B TOJIILY MPOBOJSIIEH cpebl. DTO MPUBOIUT K
HEPABHOMEPHOMY pACHPENCICHUIO TOJII 10 CEYEHUI0 MAarHUTONpOBOAA, U
CJIeI0BATENbHO, K HEPABHOMEPHOMY pACHPENETIECHUI0O MarHUTHOIO MOTOKA IO
CEUYEHHIO: Ha OCM MAarHMTOIPOBOJIAa MJIOTHOCTh MarHUTHOTO MOTOKA HaUMEHbIIIAs,
a y MOBEPXHOCTHOIO — HAaUOOJIbIIIAS.

Jliist Gonee paBHOMEPHOTO pacTpe/ieICHUs MAarHUTHOTO MOTOKA M0 CEYEHUTO
MarHuTONpOBOJA W  JUIA  yMEHBIIEHUS T1OTEePh HA  BUXPEBbIE  TOKH,
MarHUTONPOBOAbl TPaHC(HPOPMATOPOB COOMPAIOTCA U3 OTIEIBHBIX TOHKHX JIMCTOB
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AJEKTPOTEXHUYECKON CTalu, W30JUPOBAHHBIX Jpyr oOT apyra. HMccmemyem
pacupocTpaHEHUE IEPEMEHHOIO TOJISI B TAKOM JIUCTE.

[Iycth B MJIOCKOM JIUCTE TOJIIUHOU d = 2a, BbicOTON hu nNIUHHOU
[HampaBlIeHWE MAarHUTHOTO TMOTOKa @ WU, CleA0BaTelbHO, BEKTOPOB MOJs

B= ,u,uoﬁ COBITAJIAIOT C OCBIO V (PUCYHOK 285):
X

Pucynoxk 285

Ha ocHoBammm mpenpiaymiero maparpadga pemeHus il BEKTopa
Eym = f(2) Ooyner HMETh BUI: H,(z2)=Ce"” +C,e”, PI(S

p=roupey € =b+jb, b= w”f”— .

Ilone mpoHUKAeT B IJIACTUHY C ABYX CTOPOH, a4 HA MOBEPXHOCTH ILJIACTUHBI C
00enx CTOPOH MpHU z = F=a BEKTOPHI MO JOJKHBI OBITh PaBHBI, CIEIOBATEIHHO:

C=C =C. = Hyew _Hina
T T e ye™  2chpa

b
TOoraa peuICHUE AJisd HpOPISBOJILHOﬁ TOYKH:

e +e™)=2C chpz=H 00y chpz

chpz B

> Boymz) T 2ym(a)

H

=) chpa chpa
AMITTUTYZ]a MarHATHOTO TOTOKa @, W CpefHee 3HAYCHHE AMILTUTYIIbI

MHAYKIIMM MArHuTHOrO 1ojasd B OIPCACIIAIOTCA  COIJIACHO  YPABHCHUHIO

mep

Tpancdopmaropuoit S/C.

4,440 f S
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Beipasum B,,, u3 ypasHenus pacnpenenenust B, ., M0 CE4EHHUIO JIMCTA:

a la Bma
I im(zy " dz=—| B, - dz y—()-thpa,

_mcc - = ym(z)

a ay pa
B =-p .P%
oTkyga ciuenyer, YT0Lym(a) = Lmep” thpa T. € aMIUINTyJa HWHAYKIHH Y

IMOBEPXHOCTH JTUCTA NPEBLIIIACT €€ CPCIHEC 3HAYCHHUC Emcp .

Pacnipenenenrie MarHUTHOTO MOJISt IO CEYEHMIO JIMCTa B 3aBUCUMOCTH OT €T0
tonmuHbl d ipu yactore /=100 I'ii moka3aHo Ha pucyHke 286.

Bm/{Bm{a}

—_— L0 —

- -

\_.-___—___—‘_’,.-"'

0,8

N ~
~_

\.Q—/}
-1 -0,5 0 0,5 1 z/a
Pucynok 286

22.8 IloBepxHOCTHBIN 3PP eKT B KPYIJIOM NIPOBO/IE

DJEeKTpOMarHUTHOE TI0JIe B TPOBOAAILIEH cpede B oOmeM ciaydae
OTMCHIBACTCS] CUCTEMO ypaBHeHHI MakcBesia B KOMILJIEKCHOU (popme:

rotEm = Em

N

rOtEm = .]lLllLlOEm

3, =yE,

Ecnu ocu koopauHat BeIOpaTh Tak, KaK MOKa3aHO Ha pUCyHKE 287, T.€. OChb Z
COBMECTHUTH C OCBIO MPOBOJA U MOJOKUTEIbHBIM HAIPaBICHUEM TOKA, TO BEKTOP

HaMpsKCHHOCTHU 3JICKTPHUYCCKOT'O HOJ'I}IE 6y,IIeT HaIrpaBJICH I10 OCH Z (COFHaCHO
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3akoHy Oma O =yE), a BEeKTOp HANMpsHKEHHOCTH MArHUTHOTO mmojst H Oyner
HaIIpaBJIeH HOPMAJIbHO K paJuycCy 110 IpaBUIy IPaBOXOJOBOIO BUHTA.

v

Pucynox 287

B unnuHapuydeckoi cuctemMe KOOpAUHAT T€ e YpaBHEHUS IPUMYT BU:

1 d
——(rH,)=yE
= jount.,

COBMECTHOE PEIICHHUE 3TOW CUCTEMbl YPAaBHCHHI OTHOCHUTEIILHO KOMILIEKC-
HBIX TIEpeMeHHbIX £, u H ,, nmaet cieayromui pe3ysibTar:

2
4L, + L dE, +FE

dlgr) qrd(gr) ="
d*H 1 dH 1

L Lo 14— |H =0
dar) " ar dw{ e L ’

4 . 1
tre § == jousy =oppy-e’ k= jk, k=-ouuy

YpaBHEeHHE ) IepeMeHHON £, mpezactaBisieT coool ypaBHeHue beccens

HyJIeBOro mopsiaka npu n = 0, a ypaBHEHUE ISl IEpeMEHHON [, — ypaBHEHUE
Beccenst mepBoro mopsiaka npu n = 1. PemeHuss 3TUX ypaBHEHHUM W3BECTHBHI U3
MateMaTuku. OKOHYATEIbHbIE PEIICHUS JJIs1 BEKTOPOB MOJIS OTY4Yal0T BU/I;
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rue To(ql’ ): Bo'ejﬁo,fl(qi’)= B,-e’ / — ¢yakmuun  beccenss COOTBETCTBEHHO

HYJIEBOTO U MEPBOTO MOPSJIKA OT KOMIUIEKCHOTO apryMEHTa gr U CaMu SIBIISIFOTCS
KOMILJIEKCHBIMH YHCJIAMU.
OO6muit Bun ¢yHkuuu beccens n-ro mopsiaka BbIpakaeTcss OCCKOHEUHBIM

psazioM

n n+2 n+4 n+6
X X X X

2 2 2 2
n 1-(n+1) 24(n+2) 3t(n+3)
3navenus  ¢yHkuuii  beccens  mpuBoasSTCS B MaTeMaTHYECKHUX

CIIpaBOYHHUKAX B BUAC Ta6J'II/I]_I WJIK JUarpamMm.
Ananuz peuICHUA JJId BEKTOPA HAIIPAKCHHOCTHU SJICKTPUICCKOI'O ITOJIA Em 141

T

n(x) —

COOTBETCTBEHHO JIJIsl BEKTOPA IUNIOTHOCTH TOKa O = ¥ E 1MoKa3bIBaeT, 4To MepeMeH-
HBIi TOK TI0O CEUEHHUIO IWIMHIPUYECKOTO TPOBOAA  pacHpeaessieTcs
HEPaBHOMEPHO: €ro IUIOTHOCTh O BO3pacTaeT II0 HampaBlIeHUIO OT LEHTpa K
MOBEPXHOCTU MPUMEPHO MO IKCIOHCHITMAITBHOMY 3aKOHY. JTa HEPaBHOMEPHOCTH
BBIPKEHA TEM OOJIbINe, YeM OOJBIIE YUCIIO kK W paauyc mpoBoaa 7, (PUCYHOK
288).

5P
1 kr.=0 1

kr.=1

1 1] 1

Pucynoxk 288

SIBJcHHME BO3pacTaHUsl IUIOTHOCTH TOKA OT IICHTPA K OBEPXHOCTH MTPOBOA
MOJIYYHJIO Ha3BaHHE MOBEPXHOCTHOTO A dekTa. [loBepxHOCTHBIN A (dHEeKT Bo3pac-
TaeT C pPOCTOM YaCTOTHl f, MarHUTHOW TIPOHUIIAEMOCTH /(i yICIHHOU
NPOBOJUMOCTH . B TexHuKe cuibHBIX TOKOB (Ha yactote 50 ') aT0 siBieHUE
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CKa3bIBA€TCS HE3HAUMTEIHbHO B MEIHBIX U ATIOMUHHEBBIX MPOBOJAX OOJBIIOTO
CEYEeHMS], U B CHJIBHOM CTEMEeHU — B CTANbHBIX (£>>]) mpoBoAax Jt000ro ceueHus.

Ha paccrossuuu A= 1/k 0T mOBEpXHOCTH MPOBOJA IJIOTHOCTh TOKA YOBIBAaeT
B "e" pa3, 3TO paccTOsIHUE HA3bIBAIOT INTYOMHON MMPOHUKHOBEHUS MOJIS:

1 2
k \oupy

Kaxk n3BecTHO, CONPOTUBIIEHUE MPOBOJIHUKA TOCTOSSHHOMY TOKY WJIM OMUYe-
CKO€ COMPOTHUBIICHUE OTpeesieTcs o popmyie:

1
Ry =—
Y

BHyTpeHHEEe KOMIJIEKCHOE COMPOTUBIIEHUE TOTO K€ MPOBOJHHKA MEPEMEH-
HOMY TOKY C y4€TOM IOBEPXHOCTHOTO 3((heKTa MOKET ObITh BBIPAKEHO uepe3 ma-
paMeTphl MOJIA:

[Om/M].

SIBneHue Bo3pacTaHus IUIOTHOCTH TOKA OT LIEHTPA K MOBEPXHOCTH IIPOBOJA
IOJIyYMJIO Ha3BaHUE MOBEPXHOCTHOTrO 3¢ dekra. [ToBepxHOCTHBIN 3¢ deKT Bo3pac-
Ta€T € POCTOM YACTOTHl f, MarHUTHOM NPOHULAEMOCTH I, yIEIbHOU
IpOBOAMMOCTH 7. B TexHuke cuibHbBIX TOKOB (Ha wactore 50 ') ato sBneHue
CKa3bIBAE€TCS HE3HAUMTEIBbHO B MEIHBIX U AJTIOMUHHEBBIX MPOBOJAX OOJBLIOTO
CEYEHHUS, U B CWJIBHOM CTENEHU — B CTAIbHBIX (£1>>]) poBOAax Jit0OOT0 CEUeHUsl.

[IpakTyecknii  HMHTEpEC  NPEACTABIIET  OTHOLIEHHWE  AKTUBHOTO
COTIPOTUBIICHUS MPOBOJIA K OMUUYECKOMY R/R), KOJMMUYECTBEHHO XapaKTepHU3yIoIee
HOBEPXHOCTHBIM  3ddexT B mpoBoge. PacueTel MOKa3bIBaIOT, 4YTO Ha
npombInuieHHOW yacTtoTe 50 I'l yBenumdyeHue akTMBHOTO CONpOTUBIeHUs R / R,
HE3HAYUTENBHO JUIsl METHBIX M aJIFOMUHUEBBIX MPOBOAOB (4 = 1) U CyIIECTBEHHO
JUIS CTajdbHBIX MPoBOAOB (x>>1). C poOCTOM YacTOThl fBCIEACTBHE YCHIICHUS
HNOBEPXHOCTHOr0 3¢ (eKTa MPOUCXOAUT YBEIUUYEHHE AKTUBHOIO CONPOTHUBIICHUS
npoBojaa (R/Ry>1).

22.9 DyIeKTPOMATrHUTHOE IKPAHUPOBaHHE

[TepemeHHOE BHICOKOYACTOTHOE 3JIEKTPOMArHUTHOE MOJIE MPU MPOXOKICHUN
yepe3 METaUIMYECKUl JHMCT, JMOO MNepreHIUKYIIpHO, JMOO MOJ, HEKOTOPHIM
YIJIOM €ro MIOCKOCTH HAaBOJUT B 3TOM JIUCTE€ BUXPEBBIE TOKHU, MOCJIE KOTOPBIX
0CJIa0IseTCsl BHELTHEE T10JIe, B ’TOM CITy4dae JUCT — AJEKTPOMATrHUTHBIN 3KpaH.

[IpumepoM Takux DSKpaHOB MOTYT CIYXKUThb Kopmyca PJY (creHkw,
KpbIIIKK). Pacuer »SIeKTpOMarHUTHBIX SKPAHOB PA3IMYEH I PA3IUYHOTO
JTMana3oHa 4YacTOT BHEIIHUX TOJIEH.

Pacuer QJICKTPOMArHUTHBIX 9KPAaHOB:
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HUcxoonvimu oannvimu 05 paciema 21eKmpOoMASHUMHOU NOMEX0YCmMOou4uU8oCmu
ABJIAEeMCA.

1.KoHCTpYKIIMOHHBIE  TIapaMeTpPbl  M3JENus,  CIEKTP  4YacToT f;
COOTBCTCTBCHHAs HAIPSXKCHHOCTDb JJICKTP. IIOJIA E(fl) HWJIN MAarobuTHAasA WHAYKOUA
B(fy).

2. UM ux AOITYCTUMBIC 3HAYCHUA.
Cnez[yeT OTMCTUTBb, YTO HauOoJbIlIee BIMSHUE Ha pa60TOC1'[OCO6HOCTB
armapaTrypbl OKa3bIBACT MAIrHUTHAA COCTABJIAIOIIAA 3JICKTPOMArHUTHOI'O ITOJIA.
Ecniu marnutHOE mone ¢ f;, OygeT mepecekaTh IUIOCKOCTh S, TO MOJyYHM:
U|=27/5|B|.

B cinydae ananmm3za mnOMEXOyCTOWYMBOCTH TE€UYaTHBIX Y3J0B, Haubosee
YYBCTBUTCIIbBHBIMH JOJICMCHTAMHA SBJIAIOTCA MHUKPOCXEMbI, TOI'Aad S-HanbospIas

U
ITOIIAE 3aMKHYTOTO KoHTYpa: |U|>>|U .| = K, =201g|——| - x0sddumment
Iur

JKpaHa.
[TocnenoBaTeTbHOCTH pacueTa SKpaHa:

1.OnpenensemM TAN NOJISI TOMEXH.

2.BpiOupaeM KOHCTPYKTUBHYIO (POpMY 3KpaHa, KOTOpasi MOKET ObITh BHITIOJHEHA B
BUJIC TIPSIMOYTOJIbHOM, IWUIWHIApUYeCKOW U cdepuueckoir. Dopma 3KpaHa
OKa3bIBACT BIIMSIHUE HA XapaKTUPECTUUECKOE COMPOTUBIIEHUE CPENIBI DKPAHA.
@opMBI SKPAHOB:

\ 4 ~1
Ry =3 %111213 R, = % *h R5=r,
Pucynok 229
138
Sopeson. = N 10° - pe3oHaHCHAs 4acTOTA.
2

3. BoiOop Matepuana U KOHCTPYKIMNA CTEHOK SKpaHa.

HauGonbiiee BnusHue Ha 3PQGEKTUBHOCTh SKPAHUPOBAHUS BIMSET MaTEpHall.
KonudecTBeHHO, BEIMYMHY XapaKTEpPU3YIOUIYI0 SKPaHUPOBAHHOE JEHCTBUE
MaTepuaia pacCYMTHIBAIOT CIEIYIONIUM 00pa3oM:

-0.5 9
0=0.52(nf o) - rmyOrHa NPOHUKHOBEHUS (IIOKa3bIBACT, HA KAKOW IIyOHHE
MarHMTHOE T0JI€ OCJIA0HET B €-pa3s;
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f~uacToTa mois;
LL - MarHUTHAsI TPOHUIIAEMOCTb;
G - yZIeTbHast MPOBOIMMOCTh MaTepuaia dKpaHa.

Ecnmu »skpan paGotaer B MarHMUTHOM Tojie OMIDKHEH 30HBI, TO
3 PEKTUBHOCT, MAarHUTHBIX MAaTEPHAOB 3HAYUTEIHHO BbIIIE HEMAarHUTHBIX, TaK
Kak p>>1.

B ayekTpoMarHMTHOM TIOJiE€ JAJbHEH 30HBI HEMAarHWTHBIE MaTepHalIbI,
oOnanaromue Oonbliel MPOBOJMMOCTBIO, IO CPAaBHEHUIO C MAarHUTHBIMU
oOecrneunBaroT 0osiee BHICOKYIO 3((HEKTUBHOCTH IKPAHUPOBAHHUSL.

I[OCTOI/IHCTBO CCTOYHBIX OKPAHOB:
HpOCTI)I B HU3I'OTOBJICHHU, y,Z[O6HI>I B c6opKe " JKCINIyaTalluu, HC NPCIATCTBYIOT
CBO6OI[HBIM KOHBCKTHBHBIM ITIOTOKaM BOSHCﬁCTBHH, CBCTOIIPOHUIIACMBI,
IMMO3BOJIAIOT IIOJYYUTh BBICOKYIO B(I)q)CKTI/IBHOCTB 9KpaHUpPOBaHUsA BO BCECM
JAuaria3oHe 4acCToT.

Henocrarok: HEBBICOKAsI MEXaHUYECKAs! POYHOCTb.
OKpaHUPYIOLIME CBOWCTBA CETOK IMPOSIBIAIOTCA B PE3YyJbTAaTe€ OTPaKEHUs
AJIEKTPOMArHUTHOM BOJIHBI OT €€ IOBEPXHOCTH.

OcHoBHble mapameTpbl cetku: llar cetkm S, paanyc TPOBOJOKH 7,
yZielibHas MPOBOJAUMOCTh MaTepuaa G.

4. PaccuutbiBaeM 3¢h()EKTUBHOCTh AKPAHHPOBAHHUS BBIOPAHHOI'O SKpaHa, a MpH
HEOOXOMMOCTH €0 BETHUNHY.

[IIyaTpoBanue — OTBOJ JIMIIHENW SHEPTUU.

e e s

1 2 3
v RCw oy RCy U yr RC, Cw U
7, (CAB+CBO) 7, CAB+(C2+CBO) 7,

Pucynoxk 230
Ty — AJMHA (PPOHTA;

DNEeKTPOMarHUTHOE HKPAaHUPOBAHUE 3aKIIOUAETCS B IIYHTHUPOBAHUHM OOJbIIEH
4acTH WM BceW Hape3Hoil emkoctu Ha kopryc. Ha Pucynke 230 u3oOpaskeHsl
BO3MOYKHBIE CITyyaH PaclioyoKeHUsI HICTOUHUKA IToMeX A U MpreMHuKa romex B.
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]l — xopnyc ynajeH OT IpPUEMHHMKAa IOMEX HA 3HAYUTEIBHOE pPACCTOSHHUE U
eMKOCTbI0 C45 MOXKHO ITpEHEOPEUb.

2 — DKpaH, pacnoyioxeH BOJU3M TMPOBOAHUKOB, IMapa3UTHas E€MKOCTh
CpYMEHBIIIAETCA MIYHTUPYIOLIEH eMKOCTh Cpy.
3 — DkpaH pacnonaraloT M/y TPUEMHHUKOM M HCTOYHMKOM, TEM CaMbIM

YMCHBIIAKOT IMMAaPa3UTHYIO CMKOCTb 1O 3HAYCHUA C ’AB-

C nenpio ynydiieHus: S5KpaHupoBaHusi, Ha o0eux ctoponax I, curnana u
3a3eMJICHUSI DKPAHHBIE MPOBOJHUKU UYEPEAYIOT TaKUM 00pa3oM, uTOObI MPOTHB
CUTHAJbHOM JIMHUEH, NPOXOJALIEd C OJHOM CTOPOHBI IUIAThl, BCETHA
pacroJiaranach 3a3eMJAIOIIAs JIMHUS C ApP. CTOPOHBI IUIATHI, IIPU OTOM KaXkaas
CUTHAJIbHAS JIMHUSA OKAa3bIBAETCS OKPY)KEHHOM 3-Ms 3a3€MJICHHBIMH JUHUSAMU. B
pe3yabpTaTe uyero gocturaercs 3¢ (HeKTuBHAS SKPAaHUPOBKA OT BHEIIHUX ITOMEX.

23 AHAIMTHYeCKHE U YUCJIEHHbIE METOAbl pacdyeTa 3JIeKTPUYECKUX H
MATHUTHBIX OJei
23.1 Pac4éT moJist ¢ NOMOIIbIO HHTErPAJbHBIX COOTHOLIEHHH.

3AJIAYA1BbiBecT  GopMynbIANsS  ONpe-[AeNeHUs  IOTOKAa  BEKTOpa
AIIEKTPOCTATUYECKON HHIYKIMUB (QPYHKIIMHA KOOPJIMHAT a) OT TOUYEYHOro 3apsjaa
yepe3 c(hepruecKylo MOBEPXHOCTh paauyca R; 0) OT JuHEHHOro 3apsaa depes
LHWIMHAPUYECKYIO IIOBEPXHOCTh pajguyca 7.

Pemenue

Jig ciydas a) HpoBenéM BOKPYI TOUEYHOI'O 3apsia ¢ C(hepruuecKyro
noBepxHOCTh S pamuyca R (puc. 231) u mnpumenum Teopemy Iaycca B
UHTETpabHON (popme: §5%= 2q. W3 onpeneneHus HanpsyKEHHOCTH IOJIA

N

BBITEKAET, YTO CHJIOBBIE JIMHMM HAIpPaBJIEHBl pPaJUalbHO, CIIEIOBATEIBHO,

NepPHeHANKYJISIpHO K moBepxHOocTH S. Takum oOpa3zom, BekTopel D u ds 1o
HaIpPaBJICHUIO COBMAJAIOT, U HX CKAKIPHOE MPOU3BEICHHE MOXHO 3aMEHUTH

npousBeeHueM ux MopyJsied. Kpome Toro, 3HadeHume BeKTOpa D Bo Becex
pPaBHOYIAJNEHHBIX OT 3apsAa ¢ TOYKaxX IIOBEPXHOCTH S OJMHAKOBO B CHILY
CUMMETPUH; MOATOMY €r0 MOXXHO BBIHECTH 3a 3HaK MHTerpana. Takum oOpa3om,
IIOJTy4aeM:

§D-ds=§{D-ds=D-§ds=D-S=D-4x R’ (23.1)
S S S
Cneocmeue: WHAYKIHA 1 HAIMPSXKCHHOCTD IIOJIA TOYCHYHOI'O 3apsaaa —
q
p=-—"1_, 232
47R* ( )
D q
E===-—1 (23.3)
&, 4rne, 2

TO €CTb 3aBUCAT TOJIBKO OT KOOPpAWHATLI R.
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AHAJIOTUYHO TOCTYIIUM B ciiydae 0): mpoBeIEM BOKPYI OCH C JIMHEHWHBIM
3aps/ioM 7 UMJIUMHIAPUYECKYIO MOBEPXHOCTh S paauyca 7, JUIMHOW / U MPUMEHUM
Teopemy ['aycca B unTerpajibHON popme: §B -ds= 2qg. B xauecTBe WILTIOCTpALlUU

N
MOYHO OIISITh BOCIIOJIB30BaThCA PUCYHOK 231, HO mocie 3aMeHbl ¢ Ha TH R Ha 7,
OpUYEM OChb Zz HalpaBlieHAa MEPHEHAUKYSIPHO K IUIOCKOCTH pHUCYHKA.
[Ipenmonoxum, 4To AJMMHA OOBEKTa 3HAYUTENHHO OOJbIIE ero paauyca. Toraa
MOKHO MpeHeOpeub HCKaKEHHWEM IJIOCKOMApalJIeIbHOTO MMOJis BOJW3U TOPIIOB
LWIMHApPA S U CUUTaTh, YTO CUJIOBBIE JIMHUM HaIpaBJ€HbI BE3JE paauaibHO. B

ATOM clly4ae MOTOK BeKTopa [) uepe3 TOPIOBbIC YacTH OYyJIEeT paBeH HYJIO, Tak
KaK 37ech yroa mMexnay Du ds cocrabiser 90°. Bo Bcex ke Toukax OOKOBOM

9aCTH BCKTOPBbI D wu ds mo HarpaBJICHUIO COBIIAJAar0T, W HX CKaJEIPHOC
IMPOU3BCACHHUC MOXKHO 3aMCHHUTL IIPOU3BCACHUCM HX MOﬂyﬂeﬁ. KpOMe TOTIO,

3Ha4YEHUE BEKTOpa DBo Beex PaBHOYJAJIEHHBIX OT OCH Z TOYKaX OOKOBOW 4acTu
IMOBCPXHOCTH S OIWMHAKOBOB CHUIIY CUMMCTPHH,; ITIOOTOMY €ro MOXXHO BBIHCCTH 3a
3HaK UHTEerpaja. Takum oOpa3om, Mojyqyaem:
§D-ds= [D-ds=D-Ss=D-270r1(23.4)
S Seox
Creocmeue: UHAYKIUS U HANPSHKEHHOCTH TOJIST 3apsKEHHOM OCH —
_ 49 _ T p_D_ 7
ga

, = (235
2arl  2mr ( )

2re,r
TO €CTb 3aBUCAT TOJBKO OT KOOPAUHATHI 7.

3AJIAYA?2. /Ipa mapac paguycamu R;=0,2 cm u R, = 0,5 cm HaxoasTcs
Ha paccTossHUM d = 20 cm Jpyr OT Jipyra B JIUAJIEKTPUKE C OTHOCUTEIIbHOU
npoHulaeMocteto & = 4 (puc. 12.4).

Bapsael mapoB BemmumHOl  ¢=10""" Kx R, & R -q
o . 2
pasHoro 3Haka. Haiitu smeprumio moms u 19 ol 7
HanOOJIBIIYIO HAPSYKEHHOCTb. | = =
Pemienne " J 2 E"
Paccrosinue d 3HAYHUTCIBHO |4 MPuc. 12.4

NPEBBIIAET PAJAUYChl IIAPOB, IOITOMY
MOXXHO CUHTaTh, YTO TE€OMETPUYECKUE U DJIEKTPUYECKHUE IIEHTPHI IIapOB
COBMAJAIOT.

Mexny mapamy HanpssKEHHOCTH E'u E" CKJIAJIBIBAIOTCSA, & CHAPYXKU —
BbrunTarorca(puc. 12.4). [loaToMy 3HaueHUE HANPSKEHHOCTU PE3YJIbTUPYIOIIETO
nojisi 6onpuie Mexay mapamu. C ynajgeHUEM OT LIEHTpa Ilapa HalpsyKEHHOCTb
NOJII YMEHBIIAETCS, CIEJOBATENbHO, MAaKCUMAJIbHOE 3HAUEHHE HANPSHKEHHOCTH
HY’>KHO 0XMJaTh B TOYKE Ha MOBEPXHOCTH mmapa. [lepBelil map umMeeT MEHbIINN
paauyc (MeHbIIEe YyAAJIEHHE OT LIEHTpAa TOYEK €ro IOBEPXHOCTH), IMO3TOMY
HanOobIIas HaNpPsHKEHHOCTh Mojs Oyner B Touke 1. [[ns pacuéra monst B »TOM
TOYKE MPUMEHUM NpUHIHT HasokeHus. Ha ocHoBanuu dopmyisr (12.3)
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' q 107" 1 1
E\=E\*+E"= 5T 2 12 32T T
ArsgeR?  dmeged®  4m-885-10724 (2107 )2 02

= 56141 B/m.
[ToTeHuuman monst yeauHEHHOro Iiapa (aHajioru4Ho 3anade 12.5, dopmyna

__q
12.8): = + A.
e 4re, R

Ecnu mpunste ¢ =0 npu R=0w, T04=0. Takum 006pa3zom, MOTEHIHAIIBI IIAPOB
paBHBI

-10
o=+ =—9d 4 —a 10 ( ! lj—llllB

dmegeR, Amsged  47-885-1024\ 2107 702
-10
%:@'-l— %”: 9 + 1 = 10 B ( ! + ! }:-43,8B
Areged AnspeR, 4x-885-1007°410,2 0,005

Hanpsoxenue mexnay mapamu Uy, = @—@, = 111,1+ 43,8 = 154,9 B.
Emkocts yerpoiicta C =¢/Uj,=10"%154,9 = 0,645-10"*®.
Sueprus monst Wy = %CU " = %-0,645-10"%154,9° = 7,75-10” Ixc.

iz
3AIAYA3. BeiBectu opmynsl ans pacyéra mois M a
€MKOCTH IUIOCKOTO KOHAEHCATOpa, y KOTOpPOro S — ILIOaab 0 o
IUIACTHH, d— paccTosiHue Mexay Humu (puc. 12.5). i/. &a
Pemenue
[Inomanp muactuH S 3HAUYMTENBHO OoJbllle KBajpara U j
paccrostHus d > Mesxty HuMH. [103TOMY Mojie MeKLy TLIACTHHAME Puc_1;5

MOJKET CUMTAThCs paBHOMEpHBIM. [lycThb 3apsn j1eBod oOKIagku
KOHJIEHCATOpa UMEET 3apA] g. BennunHa BeKTOpa 3JE€KTPOCTATUYECKON MH KLU
Ha OCHOBAHMU I'PAHUYHOrO yciaoBus D=0=q/S. Hanpsyk€HHOCT AIIEKTPUUYECKOTO
nons E = D/g, = q/(S&,). Ilpunoxennoe nanpsixkenune U = E-d = q-d/(S"&,).
EMkocTs KOHIEHCaTOpa
C=q/U=¢g,5/d.(12.6)
Pacrnionoxum ocu aekapToBOil cucTeMbl KOOPAMHAT, KaK [IOKa3aHO Ha PHC.
12.5. Ilyctp Hayano KOOpJIMHAT COBMEIIEHO C JIeBOW IacTuHou. [lomyuum
(dopMyiy AJis IOTEHIMAIA ¢(X) HA OCHOBAHUU COOTHOILIEHUS (12.1)E=-grad¢). B
JIEKapTOBOM cUCTEeME KOOPAUHAT grad grpecTaBisieTcsl Kak

gradgo=a—¢;' 0 }—Fa—k(CM tabn. 11.1).
ox Oy Oz

OquI/II[HO qTo HOTeHLII/IaJI@aBI/ICI/IT TOJIBKO OT OI[HOI/I KOOpI[I/IHaTBDC TO
op _Op

e€CTb —— =0; BEeKTOp E HaIIpaBJICH BJIOJIb OCH X, TOATOMY ISl €r0 BEJIMUUHBI
oy Oz
0
nMmeem: £ = -a—(p Orcrona
X

¢:-jde:-E'x+C0nSt. (127)
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Ecnm koHmeHcatop WMeEeT HECKOIBKO CIOEB, TO EMKOCTh KaXKIO0TO CIIOS —
Ci=¢&4-S/d),€MKOCTh BCero KOHJIEHCATOpa BBUAY TOCIIEIOBATEIBHOTO COCTUHEHUS
emkocteit cnoéBC=(3(C,)"')"; mnampsbkenme Ha kaxmom cimoe — Uz=q/Cy
HaMNpsHKEHHOCTH TOJISE B KaxioM cioe — E=U/di=q/(S" &,).

3AIAYA 4. [Tomyuuts GhopMyIibl A pacyéra mojist 1 EMKOCTH IIApOBOTO
KOHJIEHCATOPa, y KOTOPOTO BHYTPEHHHUIN W HAPYKHBIA PAINyChl JUICKTPUIECKOTO
ciosi — 7y U Ry, AMBIIEKTpUYECKasi IPOHUIIAEMOCTh —&,(puc. 12.6).

Pemenue

[lycte BHyTpeHHMI miap umeeT 3apsjg. Ha ocHoBanuu dopmynsr (12.3)

AIIEKTPUUECKOE CMEILIEHNE U HAMPSHKEHHOCTD TMOJIS B AMDJIIEKTPUKE
D=q/(4m R*);E=q/(4 7, R®).

®opmyny 11 MOTeHIMana @(R) MoaydyuM Ha OCHOBAaHUM COOTHOIIEHUS

(12.1). B cdepuueckoii cucteMe KOOpAUHATZrad poTpeieNaeTCs KaK
— - -
gradg0=a—R0 +la—¢¢90 + 1 8_g0a0 (cm. Tabum. 11.1).
OR R 00 Rsinf o
O4eBUHO, YTO B JAHHOM Clly4ae MOTEHIMA (3aBUCUT TOJIBKO OT OJHOM

KoOpAuHAThl R, TO €CTh 8_(p:O " 2_(p =0; BeKTopE‘ HaIlpaBJICH BIOJb OCU R,
a
op
MO3TOMY JIJISl €r0 BEIMYUHBI UMEeM: E = —a—R . Orcroma
_ _ 9
=-|EdR= + A. 12.8
v J 4re,R ( )

[IycTh noTeHIIMAN Hapy>KHOTO 1Iapa paBeH Hyt0 — ¢=0 npuR=R,. Torga A=

. - dopmyna s TOTeHIHana @ = g [1_1
4re R, 4ne, \R R, )
Harnpsixenue, npuito)keHHOE K KOHJIEHCATODY,
1 1
U= o(R=r\) — o(R=R,) -1 '[———]-
drs, \n R
. . 4re,
EMxocTh onHOcmolHoro kouaeHcatopa C=¢qg/U=——%H%—. (12.9)
1/n-1/R,
Ecnu koHzIeHCAaTOp MMEET HECKOJBKO CIOEB, TO €MKOCTh KaXKIOTrO CJIOS —
C= _ M ,EMKOCTbhBCErOKOHIeHcaTopaC=(2{(1 Ck)'1 )'1 ;  HalpsOKCHUCHAKaX-

. 2
nom cioe —U,=q/Cy; HanpsokEHHOCTH TOJIA B KakaoM ciioe —FE=q/(4 e, - R°).

358



8000

E(r) 6000 == === 3
5 N\
10 N
E— \
s&
‘\
L Y
L Y
L

90 4000

2000
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OOBEMHAs IIOTHOCTH SHEPTHH B JUDJICKTPUKEW = =—.
2 8rtegyr
DOHeprus 1noJis, 3anacéHHas B kabene
) 2 2 2
7l 2mr ™l . CU ;
W= |[———dr= In"2t==———=57,73-10"/Jorc.
n 87 eg)r dreey, 1

3AJJAYA 12.10. Paccunutarh NOJEHHIMHAPUUECKOTO JTyUa 3JIEKTPOHOB —p =
-10"Kafen®, £=2, d =2 mm. 3agady pernuTh ¢ IOMOIIBIO TeopeMsI [aycca B
WHTETpabHOM opMme.
Perenune

- -
Teopema I'aycca B uHTErpasibHOW (hopme — §D-dS =2g. B munuHnpuue-
S
CKOU CHCTEME KOOPAUHAT

> >
§D-dS= D27l (cMm. (12.4)); =—= -2—, o(r) = -fEdr (cm. 3amauy 12.8).
1 r

B obmactu  r<d/2
Xq=pmtly Di=Y%pr, Er)=-L—1r —o.r=-—-L—71"+4,.
2¢&8 deg
Ilyctb @ =0 npu r=0. Torna A4,=0. [locne noaCTaHOBKU YHUCIOBBIX
3HaueHnil umeeM:  Ei(r) =-2,825-10%rB/m; @ (r) = 1,412-10°"B.
B oGnactu  r>d2 3= p n(d/2)’l;

(d/2)? d/2)>? d/2)?
D2:p ( ) ,Ez(r):p( ) , ¢2(r):_p( ) ln(r)+A2
2r Eo &o
Hpu r="adp,(d/2) = p(d/2) = 1,412-10°(10°)* = 1,41 B, orciona
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2
Ay = @a(dl2) +p(g¢1n(d/2) =1,41-5,65-1n(0,001) = 40,44.
€o
5,65

r

Taxkum obpazom, E,(r) = - Bim;  @o(r) =5,65In(r)+ 40,44 B.

3AJAYA 12.11. Buytpm 3a3eMIEHHOrO
MOJIOTO METANIMYECKOTO Illapa € BHYTPEHHUM W
HapyKHbIM paguycamMu R; =32 cm u Ry4= 3,6 cm,
COOTBETCTBEHHO, (puc. 12.11) pacnonioxeH emé oIuH
METaJUIMYECKUH map paauyca R;= 0,8 cu, npuuém
nocjeaHul Hec€T Ha cebe 3apsan g = 2,5¢ 10%K7. B
YCTPOMCTBE HMeEETCsl 00J1acTh, 3apsyKeHHas pPaBHO-
MEpHO ¢ 00BEMHON IIOTHOCTBIO P = -107""Ku/ear’,
obJaaromnias OTHOCUTEIBHOU AUDIICKTPUIECKON MPO-
HUIIAEMOCTBIO & =2, U 00JIacTh, HE COJIEepIKaIIasi CBO-
OOJIHBIX 3aPSAJI0B C OTHOCUTEIBHON JUAJICKTPUUYECKON MPOHUIIAEMOCThIO & = 1,5.
Pazmep R,=1,6 cm.

Paccuntate u mocTpouTh TpaduKH 3aBUCUMOCTH  HAMPSKEHHOCTH
AIEKTPOCTATUYECKOTO MOJISI M OTEHI[MaJa OT pacCTOSHUS J0 LIEHTpa I1apa.

Pemrenne

B ob6nactsax 0<R<R;, R;<R<R;HaxoAWTCs MPOBOJAIINNA MaTepHas, MOATOMY
AIEKTPOCTATUYECKOE MOJIe€ B 3TUX oOnactsix orcyrctByer — E=0,D=0, ¢=const.
[Tome oTCyTCTByeT Take 3a TpemelaMy Imapa, MOCKOJbKY 000J0YKa Imapa
3a3€MJIEHA.

B obnactax R;<R<R,MR,<R<R;pacu€T MO BBINOJHUM C IOMOIIBIO

TeopeMsbl ['aycca B MHTErpajibHOM opMme: fﬁ -ds= 2q. Ha ocnoBanumu (12.2)
S
§D-ds=D-47R’.
B obnactu Ri<R<R,2q = ; + p 4% mR*-Ry"). Torna
. _qtpHa(R-RY) oD =P op

1 47R* ’ b £180 472'6‘180R2 368,
g-pY5 AR pR?

dreiggR - 6&1&
B obmacti  Ry<R<R;Xg=q+p- % n(Ry’—Ry’). Torma

L _a+pHy (k) p, _4+p¥a(R-R})
27 - 5

Ha ocnosannn (12.8),¢, = - [ E;dR = +A,.

47R* ’ &8 476,64 R
4 3_p3
q+p A n(R, —R)
0= -| E,dR= YRR +4,.
4re,60R
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[TocTostHHBIE HHTETPUPOBAHUS A1 A, ONPENENNM, 3Has, YTO @,(R3) =0, u
yuTs, 4TO MOTEHIMAN — (PYHKILIMS HENpephIBHASL.

g+pH (R —R})

P2(R3) = +4, =0, orcrona
472'5280R3
4 3 3
q+pTa (R —R)
Ay =- Yym(R R = 4402.
472'52(90R3
Takum 00pa3om, Mmocie MOACTAaHOBKH YUCIIOBBIX 3HAYCHUH TIOJTyUHM:
@2(R) = 14(}2’86 —4402 B, E»R)= 141(;’286 B/m,tne R [m].
140,86

I[Ipu R=R,p(Ry) = @2(Ry) = — 4402 = 4402 B.

0016
_ A4 3 2
q—pJn R
Hy R PRy g —4400 w 4,= 2804,
dreiggR,  6£&
TaKI/IM O6pa30M, IIO0CJIC ITOACTAHOBKH UHCJIIOBBIX 3HaquHﬁ HOHyLII/IM:

To ecTn

o/®) =2 9 401058 2804 B, Ey(R) =“;’243 _18.83-10°R Blu.
E, b¢ «B
pagmnp(R)n Blen] 1
E(R)upencraBiensl  Ha  puC. -
12.12. 20
16
12

3AJJAYA 12.12. ]JIBa npoBOASIINX
mapa (puc. 12.13) pasaeneHsl AByMs CIOSAMH
JIURJIEKTPUKA C OTHOCUTENBHBIMH JUAJIEKTPH-
YECKUMU MPOHUIIAEMOCTSIMU & =2 U & =1 C
METAJUIMYECKON TPOCIOUKOW MEXKIY HUMMU.
Paguycel 30H: R;=lcm, R,2=3cm, R3=4cm u
R4=35 cm. llapsl MOAKIIFOYEHBI K UCTOY-HUKY
= Puc.12.13 nocrosiHHoro Hamnpsokenuss U  =1000 B.
OO6nacTe MEepBOro AMAIEKTPUKA 3allOJIHEHA
CBOGOJIHBIM 3apsIOM C PAaBHOMEPHOMH 066EMHOI TIoTHOCTBIOP = 107 Kin/ear’.
[Toctpouths TrpaUKUU3MEHEHHUS] HANPSHKEHHOCTH 3JIEKTPOCTATUYECKOTO
HoJs M TOTEHLHMana B 3aBUCUMOCTH OT KOOPAMHAT IPOCTPAHCTBA, CUUTas
HapyXHYI0 000JI04KY 3a3eMJIEHHOM. Paccuntarh Takxke EMKOCTb ClIOsl, B KOTOPOM
p=0.
3anavy peuuTh ¢ MOMOIIBI0 TeopeMbl ['aycca B MHTErpasibHOM Gopme.

Merammyeckas
MPOCIIOWKA
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Perenue
JlonmyctuMm, 4TO BHYTpEHHMM mmap Hecér Ha cebe 3apsn g. [anee mone B
audekTpuueckux oomactax (R; <R<R, u R; <R<R,;) MOXHO paccuuTarh

aHAJIOTUYHO TOMY, KaK 3TO cleJIaHo B 3agaye 12.11.
B obnactn  R;<R<R,
q-p YR pR?

4 3
q—pJn R
E = % L PR = [EdR= 4.
4re g R 318 dreiggR 658,
B obnactu  R,<R<R;
g+pY (R —R) q+pYa(R—R})
E2: 3 ) Qr= -,[EZdR: +A2.
472'82(90R 47[8280R
Ilycte  @,(R4) =0, TOrma
g+ p YRR (R)_q+p%ﬂ(R§—Rf) 11
472'82(90R4 ’ 2 472'82(90 R R4 .

[ToreHnman MeTamMueckoi mpociokn @ (R,) = ¢(R3). O1crona
4 3_p3 _p4 3 2
ZQ‘FPA”(Rz Rl)[l 1]_q PA”leLpRz .

A - s
1 4re, g Ry R, dreiggRy,  6&1&
3 3_p3
(R):q—P%ﬂ& 11 +Q+P%”(R2—R1) 11 P R-RrY
4 4dre €, R R, 4rey8, Ry R, ) 6g¢g, 2

Harmpsixenue, npuinoKeHHOE K YCTPOUCTBY,

_p4 3 4 3_p3
U=¢1(R1)=q PA”Rl 11 +q+PA7T(R2 R) 1 1)
4dreg, R, R, 4dre, g Ry Ry

1 1 1 1 1 1
S R°-R’)=q = 5 | e N

6£,&, 4re 1€
3 3_ p3
_p%ﬁRl L_L o p (R2—R2)+,0%7T(R2_R1) L_L _
drgieg (R R, ) 68, 1 ? 4reye, Ry Ry

=3,447-10" ¢ + 1117.

~111
Orcrona ¢ =U—Zl= -3,406-10"°Kx.
344710

C yyeroM 3HayeHus 3apsia ¢ TMOJIy4aeM OKOHYATeNIbHbIE (HOPMYJIBI
NOTEHI[Maa U HANPSHYKEHHOCTH T0JIsl, HA OCHOBAHUU KOTOPBIX CTPOUM TpeOyembie

rpaduku (puc. 12.14):
@ = _3’414—0,942-106 ‘R*+1436 B npu0,01<R<0,03 u,
R) = R
o®) 94,87
@, =————1897B npu 0,04<R<0,05m.
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E, :—3’4§4+1,883-106.R B/m npu001<R<0,03n,
E(R) = it
94,87
E, = R,Z B/m npu 004<R<0,05m.
£, )
> Ao B
xBln| ¥
60 [1200—— )
40 | 800
20 | 400
E(R) R, cm
; >
0 V > 3 4 5 6
Puc. 12.14 —————

-16

Ilpumeuanue. C nomompio [IDBM B cucteme MathCAD 3amaua Moxer
OBITH penieHa 0e3 CTOJIb TPOMO3KUX BBIKIIAJOK, a MyTEM COCTaBJICHUS U peLICHUS
CHUCTEMBI YPaBHEHUM, KaK 3TO MTOKAa3aHO B 3ajaaue 12.46.

3AJTIAYA12.13.Kakoe MakCUMaIbHOE HAMNPSKEHHE MOKHO TOABECTH K
JIBYXCJIOMHOMY IJIOCKOMY KOHjeHcaTopy puc. 12.15, ecnu:e; =2,6, = 4, dy = =2.,5
mm,d, = 5 mm.JIpoOuBHAs HANPSHKEHHOCTh M30IAUMM: E,,;= 30 xB/cm. 3anac
IIEKTPUYECKON MPOYHOCTH NPHUHSATH paBHbIMA= 2,5.

[Ipu HaiileHHOM HANpPSHKEHUH PACCUUTATH OOBEMHYIO
MJIOTHOCTH YHEPTUM BTOPOTO TUAIICKTPHKA.

Pemenne

Hexons w3 mpuHATOrO  3amaca  JJIEKTPUYECKOU o U -0
IUDIOTHOCTH,  JONYCTHUMas  HAOpPsOKEHHOCTh  NOJNS B Puc. 12.15
JTADJIEKTPUKAX

E 30 E
npo6 npo6
Eipan$—22 ="" =12 kBlcm, Erpu<—2L2-=12 kB/cm.
n

b

Ecnu npenebpeur kpaeBbIM 3()(PEKTOM, TO Yy IUIOCKOTO KOHIEHCATOpPA
HAMPSHKEHHOCTH OIS B KAXKIOM oOiacT mocTosiHHA — E i E,, COOTBETCTBEHHO.
Ha rpanune pasnpena cpen mmeer mecto ycinoue Dj,= D,,, KOTOpO€ B JTaHHOM
clly4yae MPUBOJIUT K BhIpaXEHUIO &1 F = e, EounnE = 2.

Tak kakE>FE,, npuaumaeME = E .. = 12 kB/cwm.

TormaE,= Y2E = 6 kB/cm.

MaxkcuManbHO IOIMYCTUMOE HAMPSIAKECHUE Ha 3aKKMMaxX KOHJIEHCAaTopa

U=E\d\+ E,d,= 120,25+ 6-:0,5 = 6 kB.

OO0BEMHas TUIOTHOCTh YHEPTUU BTOPOTO JUAJIEKTPUKA

Wr= Yae,60E, = 0,54-8,85-10 '*-6000%= 6,37- 10 °orc/c’.
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3AJJAYA12.14 Kakoe MakCUMallbHOE HaIpsHKEHHE MOXKHO TOABECTH K
JIBYXCJIOMHOMY KOakcuajabHOMY Kabemnto (puc. 12.16,a), ecnu:ry = 2,5 mm,ry = =7,5
mm,ry = 12 um, ry =14 mm, & = 5,6, = 2. IIpoOuBHAsA HANPSHKEHHOCTb U30JISIIUU:
Enpos= Eonpos= 30 kB/cm. 3anac 351eKTpUYECKON IPOYHOCTH IIPUHATH PaBHBIM 3.

Brrancinth EMKOCTB KaOeJIs.

0)
\E
\E1n1ax EZmax
EI(V)
FEx(r)
r
0 r r r3 >
Puc. 12.16
Pemenue

[Tpu monkmroueHN Kabemst K MCTOYHUKY MOCTOSIHHOTO HampshkeHus: Uxuna

Kabenst OyZeT HecTH Ha cebe 3apsj rHa €OUHUILY JUIMHBL. HampspkeHHOCTh moiis
onpeaenum 1o (12.5).

T
JI1st mepBOro CI10s U30JAIMU: )= ———.
27[(91807"
T
Jlns BTOporo cnos: Ey=———.
272'82507"

KauecTBeHHasg KapTHhHaA pacrpCaACJICHUA HANIPAKCHHOCTHU IIPUBCACHA HA PUC.
12.16.,6.
HaI/I6OHBHIa}I HAIIPAKCHHOCTD IT10JIA B CJIOAX U30JIALNN
T T
Imax— = » Lo2max—
E

272'81807"1 27[5280]"2
YTo06bl HE MPOU30LLIO TPOOOS U3OISLIIH:

E E
Ey <%0 — 1 0kB Eyy < — 2% = 10kB.
n n

[Mpoussenenus ey =5:2,5=12,5; &r,=27,5=15; er<enr,.
[MosToMYE | 10> Eppax-IlpuaumaeME ., = 10kB.Toraa
E1: Elmaxrl . E2: Elmaxrl‘c"l )

’ &r

= E o 27E €011,
HanmeeHHe NEPBOIro CJIOA U30JIALUN:
p)
Uy = [ Eydr=Eqprin’2=10*0,25In3 = 27478,

>
7 g
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r3 1 4 . 2 .
a BToporo cios:U, = IEzdI”:wlnri: 0°-025 Sln 12 = 2937 B.
" 52 r 2 7,5

MakcumanbHoe pabouee HanpspKeHHe Kadens:
U=U, + U, =2747 + 2937 = 5684 B.

3aMeTuM, YTO TMPU  HU3TOTOBJIEHUHU  JABYXCJIONHOIO Cio oo
KOAKCHAJIBHOTO KaOesii OTHOCHUTENIbHYIO JIUAJIEKTPUUYECKYIO Q—| |—Q—| |_g
MPOHUIIAEMOCTh U30JISIIIUM BHEIIHETO CJOS,KaK MPAaBUJIO, HYKHO
NPUHMMATh ~ MEHbIIEH, YeM BHYTPEHHEro clod(e,<¢)B e— Co—
NPOTUBHOM ciydae (mpu &<¢;) OOJbIIAs YacTh HAIMPSIKEHUS Puc.12.17
ceTH OyIeT IpUJI0KEHa K TIEPBOMY CJIOI0 U30JISIUH.

EmkocTh nByXcnoiHoro kabens (KOHAEHCATOpa) MOXHO pPacCcuuTaTh,
MPEJCTABUB €ro MOCIEA0BaTEIbHBIM COEIMHEHUEM JIBYX €MKocTel (puc. 12.17). B
cootrBeTcTBHUH C (12.11) éMKOCTH CI10EBU BCero Kabes:

10 7 s 20 7 ) C N C 7 7

In"% In=> 07220 g ln-24+gn->

" p) n "

. T 27EE
WNnu no onpenenenuto éMkoctu Cy=—= 170 = 0,367 n®@/m.

U o, &, 13
In=+—In—=
n & n

3AJTAYA12.15. MakcumainibHass HanpsoKEHHOCTD JIEKTPOCTATUYECKOTO T0-
Js B M3OJISIMU ABYXCIIOMHOTO IUJIMHIPUYECKOro KoHaeHcaTopa(puc.12.13, o=0)
coctaBnsieT E,, = 30 xkB/cm. Tpelyercs onmpeneinuTbh HANpsSKEHUE, MPUITOKECH-
HO€ K KOHAEHCATOpy, U €ro EMKOCTb, €CITU

[=5m, =2, &=1, rn=1cm, n=3cm, rs=4cmu u r,=5cm.

Pemenne
IlycTh 3apsia BHyTpeHHEN Xuibl — 7. 'Toraa HanpsKEHHOCTU U MOTEHIMATIBI
T T
30H B cooTrBeTcTBUMHU € (12.5) u (12.8):E, =———; @ =-—1In(r) + Ay;
2rg1&r 2rg&
T T
Ey=——— @=-—"In(r)+ 4,
27eNEF 27ey8
MaxkcruMasbHble HAaNPSXKEHHOCTU B 00IaCTAX:
T T
Elmax B —— Qmax — -
27 1€ 27EE01

Tak xak &l '7”1:2 <82'I’3 = 4, TO EZmax<E1max: Emaxa T= 272'81 gorlEmax,

¢1 = 'rlEmax'ln(r) +A1; (02 = _ﬂrlEmax'ln(r) +A2-
&

Ilycte @i(ry) = @o(r3) =0, Torna A, = rE,. In(r), Az=i PE e n(rs),
&

Q1) = E . In(ryfr), o(r) 4 PE o In(r3/7).
&
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[IpunoxeHHOE HANIPSKEHUE U EMKOCTh KOHAEHCATOpa
8/
&
U=@i(r)= pa(ra) = 11 Epar In % (’% j * |=46,37 kB,
1 3

_tl_ 2rgi€
&
o )
4l 73

23.2 Pacuyér noJisi MHTerpupoBaHueM ypasHenus Jlamnaca
3ATAYA 12.16. /e npoBoAsuIve IJIACTUHBI PAa3ACNICHbl TPEMS CIOSIMU
JTUAJIEKTPHUKA C TUAIEKTPUYECKUMHU IPOHULAEMOCTIMU & =1, =2 u &= 3.
Tonmuna cnoés audnektpuka: dy=1cm, dry=2cm u d;=3 cm (puc. 12.18).

=71,99 nd.

YCTpoHCTBO MOJKIIOYEHO K MCTOYHHKY IMOCTOSIHHOTO ! !
HanpsokeHust U=1000 B. O6GnacTh MepBOTO TUAJICKT- P
PHUKA 3aIO0JIHEHAa CBOOOIHEBIM 3apsANOM C PABHOMEPHON a, &, 8 1x
miotHocTeio p= 10""Ki/ear’.
[TocTpouTh Tpaduku HU3MEHEHUS HANPSHKEH- di, dy i ds
HOCTH DJJICKTPOCTATUYECKOrO0 TOJISI U TMOTCHIMaida B ' '
3aBUCHUMOCTH OT KOOPAMHAT MPOCTPAHCTBA, CUHUTAs o U >0
3a3E€MJIEHHOM ITPABYIO IIJIACTUHY. Puc.12.18

Pemienue
3agauy pemumM ¢ moMouisto ypasuenuit [lyaccona u Jlannaca:

Vo= Py 0.
gCl
CkansipHblil JarjlacMaH B JEKapTOBOW cucTteMme koopauHaT (puc. 12.18)

pacnuchIBaeTcsi B COOTBETCTBUU ¢ Tabi. 11.1 cnegyrommm o6pazom:

2 2 2
e =2 (2p+8 (2”+a 2.
ox° oy° oz
Ho B naHHO# 3a71aue mOTEHLMAN 3aBUCUT TOJIBKO OT OJHOW KOOpPJAMHATHI X,
0
TO €CTh a—¢=2—¢=0. Taxum o6pazom, 11 TPEX pa3IMYHbIX 00JIaCTEN MOTydaeM:
y 0Oz
[ A2
8(p1:_ P npu 0<x<d,|,
ox 189
0’p_| 0%
Vo= 5= 22:0 npu dy<x<d +d,,
ox ox
52%
> =0 npu d1+d2Sde1+d2+d3.
ox
JIByKpaTHOE€ UHTETPUPOBAHUE JAET:  @y(X) = - P44 1X TAo;

2&1&,
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Pa(x) = Azx +Aq;
%(X) = A5)C +A6.

OTUX  BBIPAKCHWA HEMOCTATOYHO JJI  ONPENETCHUS  MOCTOSHHBIX
UHTETpUupoBaHus 4,+A4g, TOITOMY HUCIOJb3yeM eIi¢ (OpMYJIbI ISl HAITPSKEHHOCTH
noisiu3 cootHomenus (12.1) ¢ yuérom tadmn. 11.1:

Ei(x) = '%:LX—AB Ey(x) = '%Z-fh; Es(x) = 905 5

ox  &£¢& Ox ox
[TocTosTHHBIC MHTETPUPOBAHUS HAXOIUM, UCIIONIB3YS TPAHUIHBIC YCIOBHSI.
[TycTts npux=d,+d,+d; ;=0 (moTeHan npaBoii MIACTUHBI), TOTA
A5'(d1+d2+d3) +A6 =0. (*)
I[Ipu x=0 ¢@=U (noreHiman JIeBou miacTuunl), Torna A,=U. (*)

HpI/I X:d1¢)1:§[)2, TO €CTb - P d12+A1d1+A2:A3d1 +A4. (*)

2¢&

Ha rpanutie 1ByX IU3JI€KTPUKOB
paBHbl HOpPMAaJbHBIE COCTABJISIOLINE AE, kB/m
BEKTOPOB AJIEKTPOCTATUUECKOM 50
uHaykuua  —Dy,=D,,. B  pgaHHOM
3a/1a4€ BEKTOPBI DuE HaIlpaBJICHBI 0 / X;CM
0 OCH X, TO €CThb HMMECIOT TOJIBKO 1 ) 3 4 5 6
HOpPMAJIbHBIE COCTAaBJISIOIIHNE.
[Tostomy pu x =d, &-E 1= & E,; TO -50 /
€CTh ﬁdl—gl'Al = -82'143.(*) A O B

& 1200

I[lpu x = di+drp, = @3 u 1000
82'E2 = 6'3'E3,TO €CTh
A3(d1+dz) +A4 :A5(d1+dz) +A6; (*)
oAy = -&y As. (*) 500
Hlects ypaBHeHuit (*) oOpasy-
I0T CHUCTEMY, pellasi KOTOPYI, HaXo-
JIUM TIOCTOSTHHBIC HHTETPUPOBAHHSL. 0O 1 2 3 4 5 6
PesynbTaT pemeHus CuCTeMsl: Puc. 12.19
A,=6,083-10% 4, = 1000;
A3=-2,608-10%4,=1304; A5=-1,739-10%; As=1043.
OKoOHYATEJIBHO MOJIy4aeM
@ =—5,65-10°x% +60830x+1000 B npu 0<x<d,,
o(x) =| ¢, =—26080x+1304B npu d,<x<d,+d,,

¢3:_17390x+1043B npu d1+d2 ngdl‘i‘dz +d3.

[, =113-10°x—60830 B/m npu 0<x<d,,
E(x)=|E,=26080B/m npu d <x<d, +d,,
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TlocTpoeHHbIe 1Mo 3THM (GopMyTaM rpaduKH MpuBeIeHs! Ha puc. 12.19Y.

3AJAYA12.17 MexayaByMsIIOCKUMHU 3iekTpojgamu (puc.12.20) Hamnps-
2
KEHHOCTh TOJISI U3MEHSIETCA MO 3aKOHyE=E,= Eo-(l—x A dzj’Ey: 0, E=0.

Paccrosinue Mexay 3JeKTpogaMud= 5 MMMHOTO MEHbIIE pa3MepoB IUIACTHH,
npuuéMa= 25 cm,b= 1m, Ey = 12 xB/cm, nudnekTpudeckas ITPOHHUIIAEMOCTb
TARJICKTpUKa &= 4.

HaiiTi pa3HOCTh MOTEHLIMATIOB MEXKAY AIEKTPOAaMH, 00BEMHYIO TIOTHOCTD
CBOOOAHOTO 3apsAJa W BeCh CBOOOJHBIA 3apsl, 3aKIIOUEHHBIA MEXIY

AJIEKTPOAAMMU.
Penrenne
COCTO}IHI/IC I10JI41 Ol'IpeI[CJ'ISICTC}I ypaBHCHI/IGM

Iyaccona Vg = - % . Iockonbky d<<am d<<b, T0
0

MOXHO TIpeHeOpedb kpaeBbiM 3 dexTom. Torna npu
paCMoJIOKEHUU  OCel  JeKapTOBOM  CHUCTEMBbI
KOOpJIMHAT, KaK Moka3aHo Ha puc. 12.20, @g3aBucut Z'/

2
TOJIBKO OT X U Vzgozd—gp;
dx
HaNpsHKEHHOCTD OIS
do ( 2 ) Puc. 12.20
Ex)=-—=Ey|1-~* ,
=g 2d°
2
E
OTKyI[ad fz—dE— Ozx—— Py
dx dx d €&
E : 1074012103
-—‘9‘2’20- 488 1852 12107 1,7-10%x Knferd, tae xfen].

Hanpsoxkenue Mexny anekTpoaaMu
d 3 d . .
U:IE(x)dx:E"(d _x/ 2) — By (d-dj6) = L0290 _12:5:05

CyMMapHbIii 3apsSAMEXTY SJIEKTPOIaMu

5 kB.

d d 0,5

O=[ pdV = p(x Jabdx=a-b- [ p(x )dx=25-100- | —1,7-10"° xdx =

14 0 0 0

=-2500-1,7-10®-%-0,5*=-5,31-10 ° K.

Ilpumeuanue. Pemenue »toit 3amaun ¢ nomoiisrocucteMbl MathCAD — cwm.
3anauy 12.42.

D Jl11s 3amucu OTBETa B OJIHY CTPOKY MpH MocTpoeHus rpadukoB B cucreme MathCAD moxkHO
UCIOJIb30BaTh QYHKIMIO X3BUcaiiaa (HYHKIUIO BKIIOUEHUS, €IUHUYHYIO CTYTIEHYATYIO
¢ynkuuio), koropas B cucteme MathCAD o6o3navaercss @. Harpumep, 111 JaHHOW 3a7a4u:

Px) = o[ D(x)-D(x—d\) [+ pr [ Plx—d 1)~ D(x—d\—d) [+ 3 [ D(x—d\—~do) - D(x—d\~dr~d3)]
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3AJJAYA 12.18. Pemnts 3amauy 12.10 ¢ moMoursto ypaBHenui [lyaccona u

Jlannaca.
Pemenue

OOt BUJI ypaBHEHHS Vip = -% numi  0.CoBMeCTUM OCh
a

ZHHJIHH,Z[pPI‘IGCKOﬁ CHUCTCMBI KOOpAWHAT C OCbIO Jiyda, TOrJa CKaHHpHLIﬁ
1 2 2
P zli(ra_wj+_a_¢+a_¢

cM. Talul.
ror\' or) r?oa* 0z7° (

JariaCuaH 3aIllMIICTCA Kak

11.1).
Ho B I[&HHOﬁ 3a1a4€ IMOTCHIIMAJI 3aBUCUT TOJIBKO OT O,HHOﬁ KOOpAHWHATLIY,

TO €CTh 2_(p =0 un (Z(D =0. Takum oOpa3om, AJig OBYX pa3IMYHBIX oOjacTen
a 4
HOJTyYaeM: i
7= 8_ |7 ror\ or € 2
ox’ 19 r% =0 npu rzi.
| ror\_ or 2

P+ Ayn(r) + Ay;

JIBykpaTHOE UHTETpUpPOBaHKE NAET: @ (7) = -
g€y

0o (1) = Asln(r) +A,.
Yrobsl ¢yHkmus () cymectBoBana upu =0, crnaraemoed,ln(r)
JOJKHOOTCYTCTBOBATh, TO €CTh MocTostHHAs uHTerpupoBanus A4,;=0. Ilpumewm,

7 =1,412-10°/.

yto =0 mpur=0. Torma A,=0 u Q1) =
€
- - -
JJ1st HanmpsS>KEHHOCTH =-gradp= _8_(0 % _l@_goao 99 Zy= %9 % .
or roa 0z or

Takum obpazom, E(r) = -%zir =-2,825-10%r; Ey(r)= 09y _ 4
or 2gg, or r

I'panuynoe ycnoBue —D,,=D,,umu £, = E, nipu r = d/2:
2 104 1073 2
p oty o (40P
266y 2 d/?2 265 \ 2 2-885-10"

Opu r=d2 @(d2)=ed2)=1412-10°(10") = 1,41 B, orciona
Ay = @(d/2)-As5ln(d/2) = 1,41 — 5,65:In(0,001) = 40,44.
OKOHYATENBHO MOIYYaeM

@ =1,412-10°-7* B npu 0<r<0,001 a,

@, =5,65-In(r)+40,44 B npu r=0,001m.

@(r) =
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E =-2825-10°7 B/m npu 0<r<0,001n,

Er) =
") EQ:—5’65 B/m npu r=0,001n.
r
E, A 9B
ITocTpoeHHBIE IO 3THM  ;B/y, (10
dbopmynam rpaduku
NpUBEJECHBI HAa puc. 12.21. 5 Q(r)
v, MM
O H
0,5 1 L5 2 25 3
-2,5
E(r)
- Puc. 12.21
6 uc. 12.

3AJAYA12.19. BansniekTpuKemiocKOroKoHieHcaTopa () = 4) MOSBUIOCH
JUIMHHOE LWJIMHIPUYECKOE BO3AYIIHOE BKIIOYEHHE JHUaMeTpoM 2a=lmum.
Paccrosnne Mexny mnactuHamu d= 20mm(puc. a) -
12.22,a). IIpoOuBHBICE  HANPSHKEHHOCTH:  JUIS
IMDNEKTpUKa  Ey,05 = 120 kB/cuu nns Bosmyxa
Esrpos = 30 kB/cm. Onpenenurs MakCUMAIbHBIE U
paboure HampsKeHUs, Ha KOTOpPHIE MOXET ObITh
BKJIFOYEH KOHJIEHCATOP, €CIIU:

a) B H3OJSLMU OTCYTCTBYET BO3/YIIHOE
BKJIFOYEHHUE;

0) B M30JIAIINHA €CTHBO3AYIITHOE BKITIOUCHHE.

[Ipunate B 000WX CiIy4dasx OTHOIIECHUE
OpOOMBHOTO HAmpsDKEHHs K paboyemMy paBHBIM 3 Eo
(3amac 3JeKTpUUECKON MPOUYHOCTU n=3). — '

Pemenme Puc. 12.2

a) Bo3aymHoe BKIIFOUEHHE B U30JISLIUA OTCYTCTBYET.

max

[Tone koHAEHCATOpA pAaBHOMEPHOE: F(j= = E\ypos, TOTOA

Upax = dE1pos=2120 = 240 xB.

Pabouee nHanpsixenue Uzw _240_ 80xB.

n

0) B uzomnsanuu ectbBO3aAyIIHOE BKItOUeHue (puc. 12.22,0).

Hwxxe mnpuBeneHbl MOMy4YEHHbIE METOJOM pa3/elieHus MEePEeMEHHBIX
pemienusi ypaBHeHus Jlarumacamnis HesapspkeHHoro umiuszapa [3] (o(r, o)u
nojfyuyeHHele  auddepeHnupoBaHMEM — 3TUX  pemeHui  GopMynbl  AJA
HaIpPsKEHHOCTH dJIeKTpUdeckoro nois (E(r, a)).

Jnsuzonsauuu (o6nacte 1): @ =A,+ (4Ayr +é Jcosa,
r
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ol A A5 .
===y -2 Jeosa oy = -~ L= (4, + 52 )sines
r? r oa r

JUIS BHYTPEHHEN BO3AyIIHON 00nacTu (001acTh 2) aHaJOTHYHO:

A A .
Q= Ay + (Asr +8 )cosa, E,=-(45 —%)cosa, E>= (45 +—26)Slna.

r r v

3aMeTHM, YTO MCKa)KEHHE PaBHOMEPHOTO IMOJISl HMIMHIPOM HPUBOJIUT K TO-

SIBJIEHUIO CIJIara€MbIX 3 B BBIPQXXEHUU ISl HANPSHKEHHOCTEN M ClaraeMbIX é—
11 moteHuuanoB. [Jonmyckast 5% DOrpemHoCcT, MOXKHO 3aKIOYUTh, YTO OpHr>
20aguckaxeHHsl KapTUHbBl  paclpelesieHds [OTEHIHAala YK€ HEeT, a B
HaAMpsHKEHHOCTH YK€ Mpur> SanorpemHocts 0yaeT menee 4%. B nHamelt 3agade a
= 0,5mm,ad= 10mm, cooTHomieHue Mexay Humu 20. BwiBoa: mone Oyner
MCKKEHO TOJBKO BOMM3M HMIMHApa. [loaTOMy mpu Hanuuuu UUIMHAPUYECKOTO
HEOJHOPOJTHOTO BKIIFOUEHMS To-TipexkHemy FEy=U/d.

OpnHako BOJIM3M MUJIMHIPUYECKOTO BKIIOYCHUS HAMPSIKEHHOCTH TOJIS KaK B
W30JISIIUN, TaK U B BO3AYITHOM BKIIFOUCHUH OyAET OTIMYATHCS OT Ej, 4TO MOMKET
MPUBECTH K MPOOOIO OJTHOW U3 CPEJI, YTO HEAOMYCTUMO.

[TocrosinHble UHTErpUPOBaHUS A;+A¢HAXOIUM U3 TPAHUYHBIX YCIOBUU MpPH
r=a, a TakXe UCClIeI0BaHueM pemeHuii npu ¥ =0 u r =0

N3 ycnoBust HEMPEPHIBHOCTH NMOTEHIIMAJIA HA TPAHULIE HUJIMH]IPA CIEAYET

A1:A4. (*)
IlepBoe rpanmuHoe ycinoBuekL|=FE,, UpUBOAUT K PaBEHCTBY FE),~E,,
A
npnrza:Aﬁ—;:AS +%. (*)
a a
Btopoe rpanuunoe ycnoBue D;,=D,, TpH r=anpuUBOJUT K PABEHCTBY
A
& E1=6En:6/(4y— ) =&(4s —éﬁ)- *)
a a

[Ipur— 0 pemieHne OOJDKHO JAaBaTh KOHEUYHBbIE 3HA4YEHUSA@,UE,, 4YTO
MPUBOJUT K HYJIEBOMY 3HAUEHUIO MMOCTOSIHHOW MHTerpupoBanusids= 0. (*)

[Ipur—oo perieHre MOJDKHO MPUBECTH HAOMIOJATENs] B HEBO3MYILEHHOE
MUIMHAPOM ToJie, kKorna ipu o= 0 E,=Ey= U/d: Ay=-E,. (*)

[TockonbKy MOTEHIMAT OMpPENENsieTCs C TOYHOCTHIO JO MOCTOSHHOM, TO
npuMeM A=0. *)

Torna u3 mectu ypaBHeHui (*), 00pa3yrommux CUCTEMY, HAXOUM:

A1=44,=0; A=0; A,=-Ey;

a =-2F) = A5(1+2); ASZ'EO—El ;
A3 i 82 81 51 + (92
—Ey——=—"4s,
€]
2
Ay = A (AHE)= AP Ey(1 —— 8 ) = PE, 5274
6'1 + 6'2 6'1 + 6'2

Takum o6pazom,

371



2 2

. a 6'2 — 6'1 . a 52 — 51 . .
E\=Ey1 — Jecosa, Ei;~=-Ey(l - ——— )sina;
Vv (91 + (92 Vv (91 + (92
2¢ 2¢ .
E,=E, 1 cosa,E> = -E L sina.
&+ & &+ &

Moaynb HanpsHKEHHOCTH TIOJIS B IIUJIMHIIPE

s 2.4
E,= E22},+E22a:E() 281 :E0'4+1:1,6E().

& +&

OTKYJ1a CIEAYET, YTO M0Jie BHYTPU BHECEHHOTO IIMJIMH/IPA PABHOMEPHOE.
Moaynbs HanpspKEHHOCTH TOJIA B MEPBOM Cpejie Ha TOBEPXHOCTH LIMJIMHIpA

npu 1= a
E\=+EL+E} = 2 \/(gzcosa)2+(elsina)2,
& +

1T &2
&4
ek, (= a)=Ey(1+ Jcosa = E, cosa,
& +& & +&
Ey—& | . —-2& .
E\=-Eo(1 =221 )sina =E, L sina.
& +& & +é&

HaunOonplive 1 HauMEHbIINE 3HAYEHUS (3KCTPEMYMBbI) HANpPsLDKEHHOCTH B
d 2 Y
M30JISIIAN OTIPEACIISIOTCS yCJIOBI/IeMd— [(&cosa)” +(gsina)’] = 0.
a

522-2casa(—sin @) ‘& 2sinacos o= 0; sin2 o (512—522) =0; 2a=kmr,
a="Y%mk, rtnek=0;x1;+2; ...

I[Ipuk=0 a=0, E..= 26 Ey=0,4F;

& t&

2&

=1 a= 900, Elmax: E(): 1,6E().

& +&
Takum o0OpazoM, TpeOyercs NpUHATE Ey'= E,,05/1,6 = 240/1,6 =150 xB/cm,
a 4TOOBI HE OBIIIO HOHM3ALMUH Bo3ayXa —  Ey''= Ey,,,5/1,6 =30/1,6 =18,75 xB/cm.

Tak kak Ey''<E\, To pyu HATMYMUU BO3AYIIHOTO [UIUHAPA
Upax=Eo''d=18,75-2 =375 kB,

3ATAYA 12.20./IusnekTpruuecKuii map paany-coM a=
2 ¢cM HAXOJUTCS B PABHOMEPHOM BHEITHEM
anekTpuueckom noiie (puc. 12.23). Paznocts
IIOTEHIUAJIOB MEXKY TOUKaMu 4 u Bp, — =35 B.
Cdepuueckue koopauHatel Todek: A(1 cm, 60°, 90°);
B(4 cm, 30°, 90°). Cpenoii, okpykaroniei map,

aBnsieTcs Bo3ayX (g;=1). OTHocuTenbHAs I I T_T T
MAJIEKTpUYECcKas IIPOHUIIAEMOCTh MAJIEKTPHKA Iapa
8 P PO 8 P P O Puc. 12.23
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& = 3. OmnpenenuTs MOJYJIM BEKTOpPA CMEIICHUS B TOUKax A u B.
Pemenue
Obmee pemenne ypaBHeHus Jlammaca B ceprueckoil cucteMe KOOpArHAT
MOJTyYe€HO METOJIOM pasneieHus nepemeHHbix [3]. IlpenctaBum ero 3mech aus
CiIydasi, KOT/ia Imap He 3apsbKeH.

JlnsmepBoii obnactuR>a @ = A, + (A>R +— 5 )cos®,

TOT'/Ia COCTABJISIIONINE HANPSHKEHHOCTH — Ez= —%—?— -(4, — 2RA3 )cos 6,
1 op
EgFm-——""=(4 +— sin6.
16— R 20 (4> 23 )

I[nﬂBTopoﬁOGJIaCTHR<a:
24 As | .
0= A4+(A5R+ & )cos, E2R=—(A5—R—36)cos9, Ey= (A5+R—§)sma

Hns OHpe,Z[GJIGHI/I}I IIOCTOSIHHBIX MHTErpupoBaHusid;~As BOCIOIb3yEMCS
rPAaHUYHBIMU  yCIOBUSAMM. M3 ycnoBus HENPEpPBIBHOCTM IIOTEHOHMAIA HA
IIOBEPXHOCTH 11apa CJIeyeT

A=As. (*)
Ycnosuek | =F,, NpuBOIUT K PaBEHCTBY F~FE,ynpuR=a:
A
y R 3 )
a a
Ycnosue Dy,=D;, nipu R=anpuBOIUT K paBEHCTBY & L 1z=& Eog:
24 24
&1(Az ——33) =&(A4s ——36)- (*)
a a

VYcnoBus B Hyne (R— 0) npuBoasT K Tomy, utode= 0, (*)
TaK Kak HUA TOTEHIIMAJN, HU HAMpsHKEHHOCTh B IEHTpe chephl HE MOTYT OBITh
OECKOHEYHBIMH.

VYcnoBus B 6€CKOHEYHOCTU(R—>00) TO3BOJISIOT ONMPEACIUTh Ay, TOCKOIbKY
TaM, IJIe y’K€ HET BO3MYIIIEHHUsI TI0JISI BHECEHHOU cepoit, £ = Egcos 0= -A,cos 6.

Otcrona Ar=-Ey. (*)
[TockonbKy MOTEHIMAN OMPENENSIeTCs C TOYHOCTBIO JO TMOCTOSHHOM, TO
IpUMEM A= 0. (*)

Torna u3 mectu ypaBHeHuu (*), o00pa3yromux CUCTEMY, HAXOIUM:
A1=44=0; A=0; Ay=-Ey;

a 52 3
=>-3Ey=A5(2+—=); As=-Ey————
24, _ & &) 26,+&,
a &
A3 = a3(A5+E0): a3E0(1 _L) = a3E() 82 _81 )

3ajaHHas yCIOBUEM 33J1a4 Pa3HOCTh IOTEHIUAJIOB: @4 — @p=5B.
Ha ocHOBaHMM IPUBEIEHHOTO PELICHUS:
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3

-Eo(-Rp + az L5274 )cos g + (-Ey) R cos6,=15.
RB 281 + (92 (91 + (92

[ToncTtaBuM paccTosiHUS B cMU nonquM:
2% 3.1 43

Eo(-4+— —-)—— —1——5 OTKYyIa Ey=1,672 B/em n

of- 2 24 3) ) 05 5 Y 0
Ay=-1,672 Blem;  A=2-1,672 %— 5,35 B-em®; As=-1,672 %— -1 Blem.
+

Jlns Touku A (obnacts 2):
ERA:EZR‘R:RA = -Ascos 8, = 1-cos60° = 0,5 B/cm,
Eo=As55in6, = -1-5in60° = -0,866 B/cm,
E~=\E} +E}=1Blcn; Di=&&E~3-88510"*1=265510"Kn/cu*.

Jlns Touku B (o6macts 1):

Erp=-(-1,672 _23 35) -0,866 = 1,594 B/cm,

535
Eo= (-

Eg=Exg+E} =1,781 Blem; Dp=é616FE5=8,85-10"%1,781=15,76-10 "“Kn/cm’.

3AJAYA12.21 ITpoBoasiuii  3apsiKeH- 6 E _E,H
HBI IIap pPajgdycoM d = SMMIIOMENIEH B &5 L R 1Er
paBHOMEPHOE  DJICKTPHYECKOE  Mojle ¢ — ANV
HaNpsOKEHHOCTBIO  Eg=4kB/cm (puc. 1224). _ , _[.._.C S | A
OkpyKaromass cpefaa HMeeT OTHOCHTEIBHYIO ___
JIMBJIEKTPUYECKYIO IPOHHUIIAEMOCTh ¢ = 6. Halltn ~ Ej Duuc. 12.24

3HAYEHUSHANPSDKEHHOCTH  TMOJS W BEKTOpa i
MOJIIPH3ALHUANIICKTPUKa B Touked (Tamm; 40% 0°), ecim 3apsiy mapaQ= 4-107
Ka.
Pemienne
Pemenne mpouwsBenéMm ¢ momomibio ypaBHeHus Jlammaca B chepuueckoi
cucteMe koopauHaT.llpy BeIOpaHHOM pacnonoxeHun oceid (puc. 12.24)

0
MOTEHIIUAJI HE 3aBUCUT OT KOOPJIUHATHI O (8—¢= 0), mosTomMy nmaHHOE TMoJje OyaeT
a

ONKCHIBATHCS YPABHEHHEM (D:% + (A>R +% )cos @+ Ay,

A
TIe CllaraeMoe El orpenensieTcs 3apsaom mapa Q.

Jlnst mosist ToueuHoro 3apsiaaQ:

-9
—Q =ﬁ, oTKyna A, = 0 _ 4-10

=600 B/cm.
Y 4zss,R R 4reey, 4r-6-885-1071
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I[J'IH ONIpCACIICHUA OCTAJIbHBIX IHOCTOSAHHBIX WHTCIPHUPOBAHUSA HCIIOJIB3YCM
HaHpﬂ}KéHHOCTB royst. Tak Kak (@3aBUCHUT TOJIBKO Rormn (9, Haprl}KéHHOCTB HUMCCT
TOJIBKO ABC COCTABJIAIOIIHUC:

24
_ 1 6(0_ A3 .
Eg— -E 8_R_ (Az +F)Sll’l(9.

N3 ycrnoBuiiB 6€CKOHEUHOCTH R—>00TOJTydaeM:
Er=-A>cos 0= Eycos6, otxkynad,= -E,=-4000 B/cm.
Ha rpanune pasnena AURIEKTPUK-IIPOBOJAIIEE TEJIO HET TAHTCHIIMATbHOMN
COCTaBJIAOUIEN HaNpsKeHHOCTH noJis. [lostomy: £ 9‘ Rreq — 0, OTKyzna

4 +A—§= 0 u A;=-Aya’=4000-5"10 = 500 B-c’,
a

TakumoOpazom: ER=%+ (4000 + 1(;20 JcosB, E~ (-4000 +% )sin 6.

B touke A(0,7; 40°,0°) Er=4735 B/cm, Ey=-2596 B/cwm,
E=1E} + E2 =/4735% +2596" = 5400B/cn.

Ol'[peI[eJII/IM BCKTOP IMOJIAPHU3AIN U3 COOTHOIIECHUH l—jz E&E EZEO E+ﬁ
P=g(e-1)E =8,85-10""(6 — 1)-5400 = 2,39-10 "Kn/crm’.

3ATAYA 12.22. Pemuts 3aaauy 12.12 ¢ nomombto ypaBHenuii [lyaccona u
Jlarutaca.

Pemenue
B cuny ueHTpaapbHOW CUMMETPUU YCTPOWMCTBA XapaKTEPUCTUKHU OIS

. 0 0 ,
3aBUCST TOJIBKO OT OJHOW KOOPAUHATHI — R, TO €CTh 8_(p =0 u £ =0. C yuérom
a

ATOTO ypaBHEHHE B cdepudeckol cucteMe KoopauHat (cm. Tabm. 11.1) ans
MOTEHIIMaJa B 30HAX, 3aHITHIX TUIICKTPUKOM, MPUHUMAET BHI:

2
V2¢=L i(Rza—q)j+ 1 i(sinl9a¢)j+ L 9|
R%| R OR ) sin@ 00 00 ) sin* 6 oa*

1[8(R28_¢ﬂ_ 2 wpu R <R<R,,

2| A —| &1&
R*LOR OR 0 mpu Ry;<R<R,.
B pe3ynbrate IByKpaTHOTO HHTETPHUPOBAHUS MOJTydaeM:
P o A _ 4
R) = - R ——+A4,; R)=—2+A,.
@ 1(R) 65,5, R 2 ¢»(R) R 4

DTUX  ypaBHEHHWH  HEJOCTATOYHO JUIS  OMNPEACICHHS  IMOCTOSHHBIX
UHTCTPUPOBAHUS A +A,, TOITOMY HUCIOJIb3YEM €IIE HAPSIKEHHOCTh ITOJIS:
— op 2 10p72 1 Op op 2
E=—gmd(0=——¢R0—— ¢90— . §0a0= '_¢Ro,
OR R 00 Rsinf o OR
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otkyna  E(R) :_8(01 =P R_ 4 ; Exr) =—%=—é.
OR 3g&, R OR  R?

JUIsl HaX0XKI€HUs IIOCTOSIHHBIX MHTEIPUPOBAHUS HA OCHOBAHUM I'PAaHUYHBIX
YCIIOBUMA JJI1 TPAHULbl AUIEKTPUK-TPOBOAHUK (D = 0, @y =const) cOCTaBUM
CHUCTEMY YPAaBHEHMH. YUTEM, UTO BEKTOPHI DuE HaIIpaBJIEHBI 110 paJuaIbHbIM
JUHUSM W, CJIENOBAaTEIbHO, HMEIOT TOJBKO HOPMAJIBHYIO COCTaBJISIOLIYIO.
[IpuMem, 4TO 3a CUET SABJIEHUSA JJIEKTPOCTATUYECKOM MHAYKLIMU HA BHYTPEHHEU
CTOPOHE METAJIMYECKOM IIPOCIONKYU MOABUTCA 3aPAL, -y, @ HA BHELUHEN — +q,,,,.

Hpu R=Ripi(R)=Unpu R=Ry4p>(Rs) =0,
npu R =Ry@1(Ry) = Qupocroius  TPU R = R302(R3) = Pupocoiinus

- @1(Ry) =¢1(R3);

D\(Ry =-0(Ry =t = dw_ g gy PrBa)_ Gw
q qy
Dy(R3) = o(Ry) =—=, Er(Ry) =——
4 7R3 8280 47[R3

I/IJII/IR22€1E1(R2) —R3 82E2(R3).
CHGI[OBaTeJ'IBHO, IMOJIy4acTCsa CUCTCMa ypaBHeHHﬁZ

£ Ry —A1+A2:U, 51'R22'( £ Rz_i;j—gz'Rf'(—éJ,

65150 R, 3g1& R; R32
P pp = by, Aiy-o
66‘180 R, R, R,

[ToncTraBnsis B 3T YpaBHEHHUs YHMCIIOBbIE 3HAUYEHUS M pellas CHCTEMY,
nonyuyaem:4; = 3,414; A, =1436; A;=-94,87; A,=-1897.

3anuceiBaeéM OKOHYaTeNbHbIE (POPMYINIBI TOTEHIMANa M HaNpsSKEHHOCTU
0JI51, IO KOTOPBIM CTpOUM Tpedyemble rpaduku (puc. 12.14):

gol=_3}314—0,942-106-R2+1436B npu0,01< R <0,03 m,
P(R) = 94,87
2
E, _3H4 L 1883.10°-R B/u npu 0,01 <R <0,03 m,
E(R) = R
94,87
E, = R’2 B/m npu 0,04<R<0,05m.

EMKoCTB BTOpOro cJ10s IMANIEKTpHKa Ha ocHoBaHuu (12.9), 3amaua 12.5:
41g, 8, 47r 8,85 - 10‘12

/ ﬁq 0,04~ 005

=22.24-10"® = 22,24 n®,
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3AJTAYA 12.23. Cummerpuunas chepuueckas ’
CHUCTEMa U3 JIBYX METAINIMYECKUX IIAPOB HAXOJUTCS B
BO3/lyX€, YyJajeHa OT3eMJIM U JpPyrux Tel Ha
3HaYuTEeIbHOE paccrosinue (puc. 12.25). IlpoctpaHcTBO
MEXIy LIapamMu 3aMoJIHEHO AUDJIEKTPUKOM C OTHOCH-
TEJIBHON JUAJIEKTPUUECKOW NPOHUIIAEMOCThIO &4, B
KOTOPOM  pacmpefielieH  CBOOOIHBIM  3apsia ¢
paBHOMEpHOH IIOTHOCTEIO o= 5-10°Ka/v’. Pammyc
BHyTpeHHero mmapa R; =20 cm, BHYTpEHHUH paauyc * Puc. 12.25
chepuueckoit oOomoukuR, =40 cm. Paccuurtars 3aBUCHUMOCTHE(R),(R) nius
obnactu R; <R<R,.

Omeem. E(R)=47,08R —

0,3766 0,3766

R2
R/m]. :

3AJIAYA 12.24. OO0OBEMHBII 3apsia c
paBHOMEpPHOH 06BEMHO IUIOTHOCTBIO o= 10 “Ku/aw’
pacupenenéH B JIUANIEKTPUKE (&=4)MeXIy ABYyMs
mapamu ¢ pasmepamu R, =4cm, Ry=10 cm (puc. 12.26).
[Mappl MNONKIIOUYEHBI K HMCTOYHUKY IOCTOSTHHOTO
HaANPSDKEHUS U=40kB. Ob6onouyka 3a3eMJicHa.
OnpenenuTs 3apsia q.

Omesem. ¢=1,096-10°Kx.

kB/m,p(R)= -23,54R —

+4,708kB, T1e

Puc. 12.26 =

23.3 PacuéTnmoJisi METOA0M 3€PKAJTbHBIX H300pasKeHn i

3AJAYA 12.25. IIpoBOojaHUK C BapHILOMFlO'gKJz/M co31aéT
AIEKTPOCTATUYECKOE IMOJe BOJIM3M METANIMYECKON moBepXHOCTH. OmnpenenuTb
MOTEHIIUAJI TPOBOJAHUKA, a TAK)XKE HANPSHKEHHOCTh M MOTEHIMAI MOJISI B TOUKax A4
u B(puc.12.27,a), ecnmu ro=2cm; h=4m; = 1.

Pemenue

DJIEKTPOCTATUYECKOE TI0JIE B TOUKE B
(BHYTpH MeTasia) OTCYTCTBYET,
no3TomyE=0,05=0. Jlnsg pacuéra mnons B
BEpXHEH MOJIYTUIOCKOCTH ; :
PUCYHKAallpUMEHUM  METOJl  3€pKaJbHBIX hl A
nzo0paxkenuit. Koadduiment HenomHOro
OTpaXXEHUs OT WACAIBHOIO IPOBOJHUKA s T SRR
paBeH -1. PacueTHbIii pUCYHOK MPUHUMAET i :
Bux puc. 12.27.6, rmemsa mposommmka ¢ 097 yme h
3apsiIaMu ™ -7paCIONIOKEHBl B Y _¢B iy
OJIHOPOJIHOM cpejlie ¢ MPOHMUIIAEMOCTBIO &. Puc. 12.27 V_@
Janee npuMeHsieM MPUHIIUI HATIOXKEHUSL.

Hanpsk€HHOCTP M MOTEHIMAN OT OJHOW 3aps>KEHHOW OCH B OJHOPOJHOU
cpene onpenenstoTcs B cooTBeTcTBUM ¢ popmymamu (12.5) u (12.10,a):
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E="* , @= ¢ lnﬁ.
2rgyr 2ngy ¥

Kak Bumno u3 puc. 12.27,06, pe3yapTupylollias HanpsHKEHHOCTh B TOUKe A
paBHa pa3HOCTH HAMPSHKEHHOCTEH OT JBYX IPOBOJHUKOB. TakuM o00pazom,
MCKOMasl HallPS>)KEHHOCTh B TOUKEA :

A U ( 11
27600,5h  27e02,5h 27-885-1072 (054 25-4

[ToTeHUMaNBITOUKH 4 U TOYKM HA MOBEPXHOCTH MPOBOJHUKA (IMIOTEHLIHAAI
IIPOBOJIHUKA) ONPEIEIATCS BBIPAKEHHUSIMU:

EA: EA'—EA”:

)271 ,93B/m.

—o) + o) =L [Zn h —In h ): 10 In5 =290 B;
P e \ 05k 25h) 27885107 ’
-8
o= |mP o -2ty p
27[(90 ro 2h 272' ¢ 8,85 * 10_ 0102

3AJJAYA 12.26.Mexay OpOBOAHUKOM paauycoM Fro=lcm, pacmnodio-
KEHHBIM B BO3JYyX€ MapajuIeIbHO 3eMJIe Ha BbIcOTE€ A= lm,u 3eMIEN neicTByeT
Hanpspkenue U= 1000 B (puc. 12.28,a).

Onpenenute €MKOCTb (), DHEPrUIO MOJA 2) . 2n _6) N U
Woucuny F(,, NEHCTBYIOIIYIO Ha CIWHUILY JTHHBI ;@f 4 ?T
OPOBOJHHKA. : hl E'

Pemenue h U

B cooTBeTCTBUM € METOAOM 3€pKaJbHBIX --Y---1-- =0
M300paXEHUH  COCTaBJIsieM  pPAcCUETHBIA  pHC.
12.28,6. Torma mnoTeHIMAn MPOBOJHUKA (CM. h
3amaqy 12.25) Puc. 12.28 v E‘ 7

T 2h .
p=U= In—.
2rey 1

Otcrona 3aps npoBojaa

_U-2m&, _1000-27-885-10""
" n 2

0 0,01

T =10,5-10 °Ku/m.

EMKOCTb €MHUIIBI JTHHBI JIHHUN C():%: 10,510 2®/m = 10,5 n®/m.

Hanpspk€HHOCTh MOJIA, CO3[IaHHOTO 3apsjoM -7 B MECTE PaCIOJIOKEHHUS
3apsiia 7B COOTBETCTBUH C (12.5)

_ . _ 105107
27ey -2k 27-885-10712.2
CI/IJ'Ia, C KOTOpOﬁ HpOBOI[ HpI/ITHFI/IBaCTC}I K 3EMJIC
Fo=1E'=10,5-107-94,4=0,991-10 °H/m.
3Hepr1/m CIUMHUILIBbI AJINHBI JIMHUN

=94,4 B/m.

378



Wy=%CoU=110,5-10"2-10°= 5,25-10 ° TTorc/m. 21

3ATAYA 12.27 Mexay METaUTMYECKUM IIapOM PaJiu-

yca 1y = 10cum mpoBopsiieli moBepXxHoOCThio (puc. 12.29) h U ﬂ>
nerctByer Hanpsbkenne U = 500 xB. Onpenenutrs NoBepX- 4! B
HOCTHYIO IJIOTHOCTb MHJYKTUPOBAHHOTO 3apsijia B TOUukax 4 u
B, ecitu h= 4m. Puc. 12.29
Omeemobl.q = 4reU ;EAzL; o=D~=&E;~ 5,610 Ki/m*;
l _ i 272'50}12
v 2h

=2.87-10"° K/’

o q h
05=D =6, 5= -
T 2 432 ) 2 32

3ATAYA 12.28.B mpsiMmom yriy, oOpa30BaHHOM JBYMS IUIOCKOCTSIMH
MPOBOASIIEH TMOBEPXHOCTH B BO3JyX€ HAXOJUTCS Iap paauycoM Ry = 1 cm ¢
sapsmoM ¢ = 107" Ka(puc. 12.30,a). OnpenenuTs MOTEHIMAI [Iapa 10 OTHOLICHHUIO
K MPOBOJSIIEH HMOBEPXHOCTH, EMKOCTh MEXAY IIAPOM M MPOBOMSLIEN CPENOH,
HaIpaBJeHUE U BEJIMUYMHY CUJIbI, ICUCTBYIOIICH HA 1Iap.

a) ' =40 cm 6) . B)
q : 4 1), . -q [l
@T Gh“ ______ h@ . @q ______ domem q@
! : < 2! oJIe COBIMAzaeT ¢! |
h1:20 CM Ilone coBnanaer ¢ _>: ' Z[CflCTBPITGJIiHbIM . | Ihl
¢ JEeHCTBUTENbHBIM h i ""':'"'}'l"':"'}'l""i" -
/ L re—2 ! Ihl
Puc.12.30 @'G—'q """ g%y
Pemenue

B cooTBeTcTBUU C METOIOM 3€pKalbHBIX M300paXKEHHU MOCie 3epKajbHOTO
OTpaXeHHsST OTHOCHUTEJIBHO MpaBoil TpaHuibl nomyunm puc. 12.30,6. Ilocne
BTOPUYHOI'O OTPAKEHHS] OTHOCUTENIbHO HWYKHEW TpaHUIlbl IOJYYHM TOJI€ YEThIPEX
mapoB B ojHOposiHOM cpene (puc. 12.30,B).ITpuMeHsist pUHIKAN HATOXKEHUS (CM.
3agaun 12.2 u 12.3), nonyyaem

o= Ry (2hy) ' +(\( 2 * +(2h, * )'~(2h))") = 87,55 B,

TE
C=y =1,14 nd.
)

Cuny, neMCTBYIONIYIO Ha AP, MOKHO OMPEAENIUTh Yepe3 HANPSKEHHOCTD,
CO3J]aBa€MyI0 B MECTE PACIOJIOKEHHUS IIapa TpeMs OCTalbHbIMU 3apsanamu. Ho
MIPUHIIAN HAJIOKEHUSI 37IeCh HY»KHO PUMEHATHh B BeKTOpHOU (popme (puc. 12.31).
st ynoOcTBa pa3ioKUM BEKTOPHI HAIPSKEHHOCTEW Ha TOPU30HTANBHYIO (X) U
BEPTUKAJIBHYIO () COCTaBIISIOIIME.

EZy: 0, sz:#z s
4re4(2h, )
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—q-cosa q-sina

3% 2 I 3y: 7 P
4neg[(2h )" +(2hy )" ] 4reeg [(2h )* +(2hy )* ]
2
rae coso= & =0,8944; sina=0,4473.
Je2h 2 +(2h, )P
E4x 09 E4y:' l
4rey(2h, )

Ex = sz =+ E3x =+ E4x: 0,40 B/M, Ey = Ezy =+ E3y + E4y: -S,IZB/M,
E=\JE}+E;=513Bln; F=qE=10"513=51310"H.

Ilpumeyanue. Eciu Obl BMECTO IIapa HaXOAMJICS 3apsDKCHHBIM MPOBOJIHHUK
(quIuHApP), TapauiebHBIM YTy, TO MOXHO OBUIO OBl OrPaHUYUTHCS JIUIIb
NEPBBIM 3€PKAJTbHBIM OTOOpaKEHHUEM, a 3aTeM BOCIOJIB30BAThCS TPYIIIAMU
dbopmyn MakcBesta Uit IBYXITPOBOTHOM JTHHHH.

3AJAYA 12.29. IlpoBoma JBYXIIPOBOJHOM
muHun U = 500 B HaxoasTCsl B pa3HbIX IUAJIEKTPUKAX,
KaK Moka3zaHo Ha puc. 12.32. Paccuurare 3apsn Ha
IpoBOAEC JIMHUM M €€ €EMKOCTb. ['eomerpuueckue Puc. 12.32
pa3Mephbl U CBOMCTBA CPEI:
ro=02cm, rn=20cm, n=40cm, =1, =2.
Pemenne

@ ................... _é ..... @ _ ..... ! P @-

1
i r 7 ' ! 'I 71 i Ioxe cosnanaer c:
— P ! +—> o !
i ; . . E NEHCTBUTENBHBIM |
Tlone coBnanaer ¢ E 7 i L 12 P 1) R

< —> —p

NEACTBUTEILHEIM '

Puc.12.33

[TycTs N1eBbIi TPOBOA UMEET 3apsi] 7, TOTa Npasblil — - 7. [lockosbky pacuer
MOJIE HY)KHO BBIMOJHUTh B OOEUX Cpelax, pacyeT BBIIOJHUM, HCHOJIb3Yys JABa
pucyHKa (s Kaxaou cpenbl) — puc. 12.33,a u 0. Koadduumentsl HemomHoro
OTpaKCHHUS:

k' =878 2 0333, k=28 0,667
& +82 & +82

K =5278-0333; Ky =22 = 1333,
& +6’2 & +6’2

[Torenmman Ttouku O (puc. 12.32) OymeM cuWTaTh paBHBIM HYIIIO.
[loTeHnman nepBOro MpoBOJA BBIYUCIUM MO pUC. 12.33,a B COOTBETCTBUU C
IPUHIUIIOM HaJIoKeHUs ¢ yuéTom (12.10,a):

T 7 s
(InLt+k'-In"—k'In
2rgigy K 25 n+n

n

Q1= );

aHAJIOTMYHO MOTEHIIMAJI BTOPOTO MpoBoaa — 1o puc. 12.33,6:
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Q)= (ln '"+In 2 —+ k" In ).

27[8280 ”0 ) "+ r2
Hanpsxenue Mekay IpoBOJIaMH

U= 01— pr=—— & (InL+ Ky In—— k' In )=
272'(90 7"0 2]"1 }"1 -|-}"2
o 2k 24 by )] = 715,06-10".
"o 2r ntn

Orciona 7= U/15,06-10'°=0,332-10°Kn/m.
Emkocts muanunCy = 7U = 6,64 n®/m.

23.4 YucaeHHble METOAbI pacyera IOJIs

3AJAYA 12.30.JIunus mnepenauu  (puc.
12.34) cocrouT W3 TpEX NPOBOJAOB paguyca 7y =
=0,6cm. BeicoTta moaBeca npoBoioBA| = hy = 6m,h, =
5.2m. Paccrossauss Mexay mnpoBogaMu IO
ropu3oHTamu dy; = 2m, dy; = 1,6m. Hanpsbkenus
Mexay npoBomamu Uy, = 60xB, U,;= 40kB.
OnpenenuTs TMOTEHIHMAT W 3apsa] KaxIoro us3
MIPOBOJIOB.

Pemenne
OmnpenensieM pacCTOSHUS MEXKAY HMPOBOJAMH,
a TaKKe MEXIy IMPOBOJAAMU M WX 3€pKaJIbHBIMU
u3zoopaxeHusiMu(puc. 12.34):

i =(h —hy )* +dl =\(6-52)* +2>=2,13n, Puc. 12.34
ar=(h —hy > +d% =\(6-6)> +36% =36,

=y — iy )* +d3 =1(52-6)% +16> =1,79,

bia=+l(h +hy )* +d3 =\(6+52)% +2> =114,

bis=(h +hy ) +d5 =\(6+6)% +3,6>= 12,51,

by=(hy + by > +d3 =1(5.2+6) +16% = 11 3.
Brruucnsem noreHuanbabie KO3QGUIMEHTHI (Ha €IUHUITY JITUHBI):

o= ats=—— In 2= 1 —In 20 _ 13,6610 w/,
272'80 7'0 272' '8,85 -10 0,006
o= I 22 = 1 — =22~ 13 4110/,
2rey  ry  27w-885-107 0,006
c=ttn=—— I 2= 1 it =3.02-10° o,

= n
2rwey, @y, 27-885-10712 213
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A== ! In bis _ ! In 125_ 2.24-10" y/@,
-12
272'80 as 27-885-10 3,6
o=y I In by _ ! i 113 =3,32-10" /.

21gy  Gy; 27-885-10712 " 1,79
Jlns onpeneneHus 3apsiioB MPOBOJIOB UCIIOJIB3YeEM MEPBYIO Ipynmny GopMy
Maxkceemna: (= fyay + napn tnos,
Q2= 1001 T o tTBs,
Q3= 11031 T L3 THGs.
Henocraromue nis onpeneneHus: mecTu HEU3BECTHBIX BEJIMYUH YPaBHEHUS
3aIMCBIBAEM, UCIIOJIb3Ys HOMOJHUTEIIBHBIEC YCIOBUS 3aa4UN:
P1—92=Upn, @r-@3=Usy,
Y TaK Kak MpoBoJia 00pa3yoT U30JIMPOBAHHYIO, HE CBSI3aHHYIO C 3eMJIEN CUCTEMY,
0 71+ ntn=0.
Pemas nmosmy4eHHyr0 cUCTEMY U3 IIECTH YPABHEHHUH, HAXOAUM HCKOMOE:
71=0,466-10 °Kn/m, 7=-0,058-10 °Ku/m, 3= -0,408-10 °Kn/m,
»1= 52,8 K'B, ®r= -7,2 KB,§03: -47,2 KB.

3AJAYA 12.31. Pemuts 3amauy 12.26, ucnonb3ys Tpynmbl (Hopmyl
Makcsemna.

Lojp2h e 9,522-10"m/®; ¢, =U= 1000 B;
27[(90 7"0

=@/ o =1,05-10 *Kalm; Cy=C11=10,5 n®@/m.

Omeemul.ct =

3ATAYA12.32.0npenenuth 4YacTUY-
Hble 1 pabouyro (Cy) EMKOCTH OJHOTO METpa
JBYXIPOBOJAHON BO3AYUTHOM JTMHUU AJIEKTPO-
nepenauu (puc. 12.35), ecnu  h=d=2 m, ry=
1 cm.

Omeempui. a;,=d=2 m,

bi=Ald? +(2h)* =2~/5x;
a1 = = 10,771010.714/@,

a1 = 01 = 1,451010]1/[/@, Puc. 12.35

B =B =9,46-10 ""®D/nm,
Bio= 1 =-127-10"®D/u;

C11 = C22 = 8,19 I’lCD/M,Clz = C21 = 1,27 l’l@/]l/l, ®
Co=5.,37 n®/m. d d

3AIAYA12.33.0npenenuTbuacTUuHble  EMKOC- N
TH TPEXIMPOBOAHOMW BO3AYIIHOW JIMHUM JJIEKTPOIIEpE- ; : ;
naun (puc. 12.36), ecnmu ro= 1 cm, h=6 m, d=2 m. 0 d
Omeempvl. a;,=apz=a;=d=2m, ‘ > h
Puc. 12.36
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bia=by=1/(0,5d )* +(2h+0,5d3)* = 13,77 u,

bis=vd? +(2h)* =12,17 m,

ay =3 = 12,76-10" /@, a0, = 13,21-10"m/ @,

an =y =3,4710"/®, a;=32510"wo,

B = Bs =8,783-10 D/, fr, = 8,54-10 > D/m,

Bio= By =-1,852-10 *®/m, B3 = -1,732-10 *®/m,Cy; = Cy3 = 5,2nD/m,
C22 = 4,836”@/M,C12 = C23 = 1,8521’1@/]1/1, C13 = 1,7321’1@/]1/1

3AJJAYA 12.34. CoOCTBEHHBIE W YaCTHYHBIE EMKOCTU TPEXKMIHHOTO
kabens, cooTBeTCTBEeHHO, paBHBL: (i = Cyp =C33 = 0,064k D/km,Ci, = Cp3 = =
Ci; = 0,076 mxD/km. 1lpun wucnbITAaHUU
kabesns B Ja00OpaTopuu OJHA U3 KUJ Ka-
Oest ObLTa 3a3eMIIeHa, BTOpas uMeria 1o-
TEHUHAN @ ,=2kB, TpeTbs — @ ;=-3kB.
O06onouka kabensa He 3a3eMJICHA.

Haiitu moreHnuain oOOJOYKH ©
3apsiIbl KU

Pemenune
B cootBercTBUM C  yclioBHEM
3aJ]a4M COCTaBUM cxeMmy puc. 12.37, qns Puc.12. 37
KoTopod Ha ocHoBaHuulll rpynmer
(1)0pMy.]'I MaKCBeHHaTl = (01'C11 +U12C12+U13C13,
7= Uy Co1 95" ContUp Cos,
7= U3 C31 HU3 Cint 3 Css,
/1€ TIOTEHIINAJIBI KUJI OMPEACIISTFOTCS IO OTHOIIICHUIO K 000JI0UKe.
Ecnu 060m04Ky paccMaTpuBaTh BBHAEC YETBEPTOTO MPOBOJAHUKA, TO MOXKHO
COCTaBUTh YpaBHEHHUE U JJIsl He€ ¢ YUETOM TOTO, YTO OHA HE COSJIMHEHA C 3eMJIeH a,
3HAYMT, HE HECET 3apsana: = (P 4—@1)Ci1 (@4~ 2) Cor H(@4—@3)C33 = 0.
3/1ech MOTEHIUAIIBI  ONPEEISIOTCS IO OTHOILICHHIO K 3eMJIE.
Tak kak Cll = C22 :C33I/I¢1: 0, »r= 2 KB,%: -3KB, TO
¢+ @, + @3 2000-3000

_ _ 333 B.
. 3 3

BosBpaiaemcs kK cucteMe ypaBHEHUH U, 3Hasl, 4TO
(01': D1—Q4= 333 B, U21 = -U12: 20003, U13 = -U31 = 3000B,
U23 = -U32: SOOOB, (02': O —Py= 2333 B, ¢3’: Dy =Py = -26673,
monmygaeM 73 = (333-0,064 — 2000-0,076 + 3000-0,076)-10 ° = 97-10 °Ku/xm,
%= (2000-0,076 + 2333-0,064 +5000-0,076)-10 ° = 681-10 °Ku/xm,
7= (-3000-0,076— 5000-0,076 — 2667-0,064)-10 ° = -779-10 °Kn/xm.
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3AJAYA  12.35.PaccumtaTh YacTHYHYHO ©  pabo4dyl0  €MKOCTHU

JIBYXITPOBOJIHOM dKpaHUpoBaHHOM jauHuH (puc. 12.38), ecinu:
ro=2mm, a=4cm, r=10cm, & 4.

[Ipu pacuere mpUHATH, 4YTO 000JOUYKA
(3KpaH) 3a3eMIieHA.

Pemienne

IIprmem, 4TO MOA AEHCTBUEM HCTOYHUKA
HanpsbkeHus: U, TOJIKJIIOYEHHOTO0 K MPOBOJIaM,
MPOU3OIIIIO pa3/ieJIeHUE 3aps0B MEXY NEPBBIM
(JIeBbIM) TIPOBOJIOM M BTOPBIM (TipaBbiM). Torma
NEPBBI MPOBOJA HECET 3apsii 7;=7HA EIUHUILY
JUTUHBI JINHUH, & BTOPOU — 7, =- T.

JIist nanbHENIIero pacyeTa BOCIOIb3yeMCs
METO/IOM 3€pKAJIbHBIX H300paXeHUuM i1 OCH,
PaCIIOJIOKEHHOM BHYTpH HUIUHAPA.
Pac;{eTHaﬂcxeMa JUISL TIOJIS BHYTPHU LWJIMHJpa uMeeT Bua puc. 12.39, mpuuém ab
=r .

w10 !
B namewm npumepeb :_:T: 25¢cm. E &
a 1
-7 T Lo Tq
Ileppass rpynma ¢opmyn MakcBemia mis ¢ """" ‘ """ ‘ """" 9
CHUCTEMBI 3apsDKEHHBIX TEJI, PACIOJIOKEHHBIX BOIM3U | ala! :
o . ' A—F—F !
HWIMHAPUYECKON TPOBOAIIECH MOBEPXHOCTH: : b ! b |
— >
p1=nont nop '
_ N ’ Puc. 12.39
D= 11001 T 10,

1 b—a 10" 25-4
In = In
2mee, oy 27-4-885 02
1 b+a 10" 25+ 4
A= 01— In = In
2mee, 2a 2x-4-885  2-4

Bropas rpymna gpopmys Makcseria: TI{Z LuotPrnes,
n= L@ i1tSr@,

e = o= =2,091-10"w/®,

=0,579-10"w/®.

a 2,091-1071° 10
e = o= 2 = =0,518-10""D/m,
PR o] 20912 —05792
Q) Oy
-10
_p= 0 _ Z0379-10 7 0,143-10 @/
= Dpi= = =-0,143- M.
pir= P a, | 20912 —05792
Gy Oy

Tpeths rpynna ¢popmys MakcBeia: 7y {= U,0Ci1 tU2Ca,
7= U1 Gy +U50Co,
rneCyy = Cyn =L +f1=0,375-10 "°®/m, Ci,= Cy=-L1,=0,143-10 "°®D/nm.
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YacTruyHble €MKOCTH JIMHMM IIOKa3aHbl Ha
puc. 12.40.

PaGouas €MKOCThb JIBYXITPOBOTHOM
SKPAHUPOBAHHOM JIMHUM HA €TUHUILY JJIUHBI:

Co=Crp+ 12 (g 143+ 23721910
11+ Cx 2
=0,331-10 "°@/m.

3AJAYA 12.36.B cucreme H3 ABYX
npoBOAHUKOB (puc. 12.41), pacrnojgoXeHHBIX B
BO3/lyXe BOJM3M TPOBOJAIIEH  MOBEPXHOCTH,
neiicteyer ucrounuk JIC E = 127 B, npuuém -

Puc.12.40

BTOPOM MPOBOJHUK COCIUHEH C 3eMIIEN. ['eomerpuueckue
—®

pasmepsl: 7o=6 mum, dp=1m, hy=3 m, hy=4 m. vy diy
OnpenenuTts 3apsibl TPOBOIOB. <
Omesemol. ay;=~2m, bia= 52 m, hy (‘)E hy

a1 = 12,410 W/ @, a,=12,9-10" W/,

a,=2,9-10"m/®, ¢@,=127B, ¢,=0,

71=0,852-10 " Ki/m, 5,=-0,191-10"" Ka/m.

\4

3AJJAYA 12.37. OnpeaenuTh NOTEHIHANBI U
3apsAbl CUCTEMBI TIPOBOJIOB, M300paXKEHHOW Ha PHC.
12.42, rae pyOunbHuKH 1 W 2 3aMKHYTBL, a 3 — \OT Y
pazoMkHyT, U= 10 kB, paauyc npoBOJOB 7= SmMm.

Kak u3MEHHTCS pelIeHHe, ecOM CHadama < =
NpoBOJA 2 OTKJIOYAETCS OT 3€MJIM, 3aTeM MpoBoj 1 l U i l
OTKJIFOYAeTCs OT MCTOYHMKA W, HAKOHEI, MPOBOA 3 2 vslel 21
COCTUHSICTCS C 3eMJIEH.
Omeemeul. [lo nepexmouennit @ = 10xB, ¢,=0,0;= Puc. 12.42
0,605xB,
7= 80mrKn/km, 5= -12uxKn/km,5=0, a1= az3=11,5-10"" m/®,

0 =12,310"" /D, 00, = a5= 0,2:10"° /D, 3= 10,106-10"" 1/ D.

[Tocne mepexmouennii 7;'= 7, o'= 5,¢;'= 0. Jlanee U3 nepBoil rpynmsl
dbopmyn MakcBeia ¢ TeMH K€ MOTEHITMATbHBIMU KO3 dUIIEHTaMU OTIpeIeisieM:

©1'=9950B, @,'=-88B,13'= -4,76 mxKn/km.

JlononHuTENbHO HA TeMy noapaszaena 12.5 cm. 3agauy 12.48, penieHnyto ¢
nomo1so [I9BM B cucteme MathCAD.

CUMMETPHUYHBIE MOJSA B CPEJAX C HEOJAHOPO/HbBIM
JAUDIJEKTPUKOM (g#const)

BatuxcpenaxoTHOCUTENbHAS TUAICKTPUYECKAs MPOHHUIIAEMOCTh  £3aBUCHT
OT KOOPJIMHAT MPOCTPAHCTBA, HAIPUMEDP, &= &(x). Tak Kak

D=£0E+75= ggof, TO ﬁ=13—£of= 5072(5— 1), mpuuém pcg=—div75.
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Yacro pauanekrpuyeckas MNPOHUIAEMOCTh  3aMaéTCi C  MOMOIIBIO
3aBucumoctd D(E) win P(E), npencTtaBieHHON IpapUUYECK WIK aHATUTHYCCKHU.

3AJAYA 12.38. JIusaeKTpUK IJIOCKOIO0 KOHJEHCATOpa HEOAHOPOAHBIN,&=
&(x),3aBHCUMOCTb JUI BEKTOpa Ioysipu3atuu P = P.= (a + bx*)P,,
raea = 1,b= 0,05 cu™, Py=23,5-10""Kn/em’.
OrnpenenuTs MI0THOCTh CBSI3aHHOTO 3aps/ia.
Pemienne

Peo= ~div P=- %Px = 2bxPy=-2-0,05-x-3,5-10""=-0,35-10"xKn/cx’, raex [em].
X

3AJAYA 12.39. Ilnockuil KOHJEHCATOP 3allOJHEH HEOJIHOPOIHBIM
TUAJIEKTPUKOMC  &(x) = 4d/(d+ x). IlmacTuHBIKOHAEHCATOpA MOAKIIOYEHBI K
HMCTOYHUKY MOCTOSIHHOTO HanpsikeHus U= 1 xB.

OnpenenuTs 3aBUCUMOCTH OT KOOPJAMHATHI X HAIpPsHKEHHOCTH TMOJs U
3HA4YEHHUs BeKTopa mojspuzanuu. HailTu EMKOCTh M 3apsij KOHJAEHCATOpa MpH
3aJJaHHOM HarpspDkeHuHu. PaccrosiHne mexay mactuHamud=0,2cm, HX IUIOMIAAb
S=4 e,

Pemienne

N3 rpannyHOroO ycnosus noiydaem D =c7:%= &k,

oTKyHaE(x)= D_ 4 :q(d+x).
ggy &8yS &)S-4d

d 2 |d
Hamnpsoxenue U = j Edx=—1 (dx-l-x— )| = 3qd .

0 80S * 4d 2 0 8(90S
EMKoCTh KOHIEHCAaTOpa

c_4_82S_ 8885104

=4,75-10"® = 4,75 nd.

U 3d 3-0,2
3apsin ¥ HanpsHKEHHOCTD MO
8&oSU 12 9
q= =CU=4,75-10"1000 = 4,75-10" Kx,

8&oSU(d +x) _2U(d+x) _

E(x) = 16,7-(0,2 + x)xB/cm, thoe x [em].

3deyS4d 3d*

Bekrop nossipuzaunun
2Uey(d +x) , 4d 2U¢
P(x) =gE(e- 1)=""- —1)=""3d-x)=
(x) =&kE(e- 1) % (d+x)3d2( )
=14,75-10" (0,6 x)Kn/cm’.
IIIOTHOCTH CBSI3aHHOTO 3apsaa
D= -divP= - aapx =14,75-10"Kn/ear’.
X
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3AIAYA12.40.Mexay Kuol KOaKCHAIBHOTO Kalems paguycoMm 7=lcuu
000JI0YKON C BHYTPEHHUM paJNycoMr, = 4 cM HaXOIUTCS JTUAJIEKTPUK C OTHO-

. . A
CHTEJIBHON IUIIICKTPHICCKON POHULAEMOCTBIOE =— ,red = 16 ey’ rfem]. Tlpu
r?

MOCTOSTHHOM HanpsbkeHUunU = 1 kB onpeAeuTh HanpsHKeHHOCTD T0JIS, CMEIIICHHE,
TOJIAPU3AIMI0 U CBSI3aHHBIA OOBEMHBIM 3apsj, a TakkKe EMKOCTh Ha CIAMHHILY
JUTAHBI KaOets.

Pemenue

T
B cootBercTBHM C (12.5) D=2— , TOTJ1a HAITPS)KEHHOCTD TOJIA
w

D T T
E(r)=——-= = r. *)
g8y  2msyr % , 27meyA
r
r .
Hanpspxkenne U= IEdr= 4 (r)— rlz),OTKyﬂaF%, (**)
; 47, vy —H
~14
emxocry Cy =~ =0 4788510 10y 491020703 = 0,119 nebiae
r —K 4 -1
[ToncraBinsis (**) B (*), HaXOI[I/IM HaIPSHKEHHOCTH TOJIS
E(r)=———r=1333r Blcm, tne r[cm].
”2 !
DIEKTPUYECKOE CMEILICHHE
D= ggOE=§ 88510113337 =208 102Ky e’
r r

[Monmapuzanus

P=aE(s-1)= 8,85-10-14-133,3r(ﬁ—1) (188’8 —11,8rj 10 "2 Knfear.

r r
OOBEMHas TUIOTHOCTH CBSI3aHHOTO 3apsiia

— divP=-1 Q[(188 8 —11,8/)-10 "%/=23,6-10 "*Ku/ear’.

r

3ATAYA12.4]1.Y1iunuHapruuecKOrokOH1€HCaTOpapaInyc KUIBlr =1cm,
BHYTpEHHUI paauyc o000n0uku 7, =Scm.IIpocTpaHcTBO Mexay *Xuiod u 000-
JIOYKOW 3aIOJTHEHO CETHETORJICKTPUKOM, I KOTOPOTO 3aBUCHMOCTH MOJYJIS
HAMPSOKEHHOCTH  OT  MOAYJS  JJICKTPUYECKOTO  CMEIICHUS  OMpPEeNemseTcs
BeIpaskenneME= 10"(0,45D*+ 0,2:10°D), rneE[B/cm], D [Kilewm’].

KoHaeHcaTop BKIIOYEH Ha nocTosiHHOE Hanpsbkenue U = 200 B.

[IpeneOperas kpaeBbIM 3(G(HEKTOMHUIPUHSB TOTCHIIUAN JKWJIBI HYJIEBBIM,
HaWTH 3aBUCUMOCTU E(r)u ¢@(r). BbIUUCIUTD €MKOCTh €JAWHUIIBI JTUHBI
KOHJIEHCATOPA.

Pelrenune
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ITo (12.5)D=L ,Toraa
2mr

2_2

E(r)=10"(0,45D™ 0,2:10°D)= 10°°(0,45-— - +0,2:10 ~— ). (¥)

Ay 27
[IpunoxxeHHOE HaANpPsIKEHUE

) 2

U= [ E(r)dr=10" 2220 L1, 0500076 L2 |,

47 \n 1 2r 1
2:10™° = 729,12-10 7 + 70,0512-10 .

U3 storo ypasuenus = 0,2653-10 >Ku/cwm.

IToncraBuB B (*) 3HaUCHHE 7, HAXOIUM

E@) = 80’223 + 84,45 Blcm, o(r) = —_[E(r)dr =
r r

[Ipumem, utrop= 0 npu »=r; =1 cm, Torna 0= 80,23 — 84,45/n(r|) + A;

n

80,23

— 84.45In(r) + A.

A=84,45In(r;) —80,23; ¢(r)= 30,23 + 84,45[}1l — 80,23 B.
r r
-5
Emxocts koHzencaropa C =5=%= 1,327- 10 @/cm.

IMPUMEHEHME I19BM /UUIAA PEHIEHUSA 3AJAY

[Tpumenste ITIOBM mnenecooOpa3Ho mis pemieHus 3anad, TPEOYHOIUX
OoJbIIOro 00bEMA BBIYMCIUTEILHONM paboThl. Huke npuBeneHbl pelieHus
HEKOTOPBIX MOJOOHBIX 3ajad.

3AJAYA 12.42. Pemuts 3agauy 12.17 ¢ nomompto IIDBM. Pacneuatky
nporpammsl cM. B [Ipunoxkenuu k pazneny 12.

3ANAYA 12.43. Pemnts 3agauy 12.23 ¢ nomomsto [T9BM. Pacneuatky
nporpammsl cM. B [Ipunoxkenun k pazneny 12.

3ATAYA 12.44. Pemnts 3agauy 12.24 ¢ nomombto [T9BM. PacneuaTtky
nporpammsl cM. B [Ipunoxkenuu k pazneny 12.

3AJTAYA 12.45.B wuzomsiuu KOAaKCHAILHOI'O KaOess
(puc. 12.43) umeeTcss paBHOMEPHO paclpeieaEHHbIN 3apsy ¢
006bEMHOM mIoTHOCTBIO o= 10 "°Ku/a’. BHyTpeHHumil u Ha-
PYKHBIM PaaryChl AUIIEKTPUUYECKOIO CHosl — 1= 1 cm ury== -
10 cm, nnmuna /= 100 m, oTHOCUTENbHASA IUAJIEKTpUUECKAs
MPOHUIIAEMOCTh —&= 4. ONpEeNeNUTh 3alacEHHYIO B DJIEKTPH-
YECKOM T10JI€ SHEPTHUIO.

Pemienune
3agady peiiaeMm, MHTETpUpys ypaBHeHue Jlammaca mns obmactu  r<r<r,.

Amnanornydo 3agade 12.18 3anuceiBaem:

o) =-—L P diin(r) + Ay E() =L
deg 2ey 1
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I'pannunble ycnoBus: @(r=r,) = 0, E(r=r;)) = 0. Pemas noxy4yeHHYIO
CHCTEMY ypaBHEHH, HAXOIUM TOCTOSIHHbIE HHTETPUPOBaHUS A U A;.
3anacéHHYI0 B DJJIEKTPHUYECKOM IIOJE€ SHEPrHUI0 MOXXHO HAWTHU ABYMS
Croco6amu.
B nmepBoM criocoGe BocmonibdyeMcest popMyIIon st SHEPTUH 3apsnadg cios
TOJIIIMHOMN dr, paCHOJI0KEHHOTO Ha PACCTOSIHUU 7 OT OCH:
dW=0,5dq - 9= 0,50 2ml-dr ¢;

r
W=de= Ipm’l -~o(r)dr= 0,533 .
V n
Bo BtOopoM cmocobe ucnomszyem ¢Gopmyny s OObEMHON IMJIOTHOCTH
SHEPTHH SJIEKTPOCTATHUECKOTro Mojist: w = 0,5gE".
wdV =0,5eE> 2l dr=e&E> mrl-dr,

2
W=[wdV = [egyml-(E(r))*dr=0,533 Hc.
V n
MathCAD-nporpamma u oTBeTHI ipuBeieHs! B [Ipunoxennn k pazneny 12.
Ilpumeuanue. OTBETHl ISl NOTEHLHMAa W DHEPrUM B OYKBEHHOM BUJE
CJIETYIOILHE:

2 2 2 4
2 o2 288 8 )

286‘0

3AJAYA 12.46. Pemuth 3amauy 12.12 ¢ momompro [I9BM. Pacneuatky
MpOTrpaMMbl CM. B IPUIJIOKEHUHU K pazaeny 12.

3AJAYA12.47 Mexy IPOBOJIAMHU % E" . E"

o o= 0yt
JIBXIIPOBOJHON JTMHHH 3JIeKTpornepenaun (puc. -~ & == S) g >
12.44) nevictByer Hanpsbkenue U = 220 xB. T E U > L
[Tocrpouth  rpaduK  3aBUCHMOCTH  OT 3 d !

KOOpJMHATHI X HANpsSKEHHOCTU MOJIA Ha OCH,
COEIMHSIOIIEN MPOBO/IA. Onpenenuthb Puc. 12.44
MaKCUMAaJbHYI0 HaNpsiKEHHOCTh Mojs, ecnu  d = 2m,= 1 cm. CwmeuieHuem
AIIEKTPUYECKUX U TEOMETPUUYECKUX OCEHl MpeHeOpeyb.
Pemenne

Hanpsk€HHOCTD  ANEKTPOCTATHYECKOTO IIOJIS, CO3/aBaeMOro JIEBBIM H

IPaBbIM IIPOBOIAMU JIMHUM OTZEIBHO HAa OCH X, B COOTBETCTBUU C (12.5):
E! — T E!! T

27gy|0,5d + x| 27164]0,5d — x|
@dopMynbl  UIsI  TIOTEHIMANA JIO00M TOYKM B TPOCTPAHCTBE MEXKIY
npoBogamMu B cooTBercTBUU ¢ (12.10):
g 1 = —7 1 o=@+ = T an,Sd—x.
2rey  0,5d +x 2rey  0,5d —x 2rey  0,5d +x
Torna HanpspKeHUE MEXKTy TIPOBOIAMHU

| =
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U= ¢(x=-0,5d+r;) — p(x=0,5d-ry) =

2
_ T ZOSd (-05d+nr) lO,Sd—(O,Sd—rO): T d—ry | _
27[(90 0 5d +( 0 5d +I’0) 272'50 O,Sd +(O,5d —ro) 272'50

_ T Zn(d _FOJ'
72'50 7"0

Otcroaa 3apsiJ MpoBoja JIMHUU 7=

o

megU
d—r, '
In—-"9
o
dopmysia eMKOCTH ABYXIPOBOIHOMN JTUHUU HA €IUHUILY JITTUHBI

ot _ T

u ,,4-1n d—ry’
"o

B npoctpanctBE Mexay NpoBoJaMH, Kak BHIHO M3 puc. 12.44,
HaIpPSOKEHHOCTH OT JIEUCTBUS OTAENbHBIX MPOBOJOB CKIIAJIBIBAIOTCS, & CHAPYKU —
BBIYUTAIOTCS, BHYTPU MIPOBOJOB M0JI€ OTCYTCTBYET:
npu  -0,5d+r;<x< 0,5d— roE =E'+ E",
npu  |x| >0,5d+r\E =E" —E"".

Kak BumHo w3 rpaduka, npuBeaeHHoro BMathCAD-nporpamme,
MaKCHUMaJIbHOE 3HAYEHUE HANPSHKEHHOCTH HAOIIOJAETCS B TOUKE C KOOPIUHATOM
x=0,5d- ry (Ha moBepxHOCTH NpoBoaa): K. =E(x=0,5d-r¢) =21 xB/cm.

MathCAD-nporpamma u oTBeThI IpuBeieHb! B [Ipunoxenuu k pazaeny 12.

3AJJAYA12.48.B cucreme  mnpoBoA- _
HUKOB, PACIOJIOKEHHBIX B BO3ayXe BOIM3U E, 1

MIPOBOASALIEN TOBEPXHOCTH, JEUCTBYIOT JBa
i A

E, = 5B, E, = 2kB. Paguycel Bcex IMpOBOJIOB
OJJMHAKOBBI M paBHBI 7y = 10mm. BeicoTa mog- 4,
Beca MPOBOJIHUKOB hy =5mhy, =Tm,
h;=6m.PaccTosiHHSI MEXIy NPOBOJAHHKAMU TIO v v v

uctounuka DJIC, kak mokasaHo Ha puc. 12.45: 1

|

ropu3oHTamu di; =3m, dy=2m.

OnpenenuTh TMOTCHIMAT W 3apsA] Ha Puc. 12.45
CAVHUITY JUTMHBI Ka)KJIOTO MPOBOJIHUKA. J[OTOJHUTEILHO BBIYMCIUTH YaCTHUYHBIC
€MKOCTH CUCTEMBI TIPOBOHUKOB.
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